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CHAPTER 1. 
INTRODUCTION 
(1) The Importance of Water Supplies in a Semi-arid Region. 
In a semi-arid country water supplies are amongst the most 
valuable assets. Supplies of fresh water contribute so funda-
mentally to economic development, that considerable expenditure 
is justified in improving on natural conditions in this respect. 
Permanent water supplies in the form of springs or per~nnial 
streams are rare. Normally the development of a .semi-arid region 
can only follow upon the creatibn of water supplies by artificial 
means. 
A common method of providing water is by means of wells or bore-
holes, tapping underground supplies. Wells in unconsolidated 
alluvial deposits frequently yield important supplies for agricul-
tural and urban requirements. Comparatively high rates of extrac-
tion are possible ~ but the volume of the deposits will determine 
the safe rate of extraction, where a permanent yield is desired. 
Boreholes in consolidated deposits and crystalline rock usually 
have smaller yields due to the 1ower permeability of such forma-
tions. In certain regions where g~ological conditions are unfavour-
able, water boring is a highly speculative venture and the possibil-
ities of development by this method are limited, 
The creation of water supplies by conserving surface runoff is an 
equally important aid to development. Failure to procure adequate 
underground water supplies or the weakening of ex isting sources of 
supplies are common reasons for embarking on such schemes. Surface 
runoff can be stored in open dams or reservoirs or it may be fed 
into underground water bea r ers from which it is subsequently ex -
tracted by pumping from wells or boreholes . An effective solution 
to a water supply problem is frequently to be found in a combina-
tion of surface and underground storage (page 181.f ) • 
It is desirable to make a close study of storage losses a t an 
early stage; since development, depending as it does on water 
supplies, will ultimately be limited by the efficiency of stocage 
schemes . 
• 
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Runoff in a semi-arid region is erratic. Years with practically 
no runoff at all and series of years with low runoff have to be 
alloweri for (page 2.-0 ) • Evaporation from open water is of the 
order of nine feet per annum and open storage from one good runoff 
season to the next will therefore be accompanied by very substantial 
water losses (page 106 ) • 
(2) Storage Efficiency in Open Storage Reservoirs. 
An c,nalytical study of the storage efficiency in open reservoirs 
will now be made~-
Defi~ition of terms:-
Service ~: :- The duration of a rainless period which will result 
in the dam, originally full, being completely emptied through 
drawoff and evaporation. 
Storage efficiency f :- The total drawoff during the period of 
d::_ Tided 
service ,by the total storage capacity of the dam. 
The shape of the reservoir will be assumed to be an inverted 
"' pyrr,mid,
3 
11
.> = S c. hs 
Where h_., is the maximum water depth at any particular stage of 
depletion and a., and ~ the corresponding water surface and 
stor2ge caimcity respectively. 
During any time interval St and corresponding change in water 
depth c 11~ , the volume which evapora te.s is E.dt cS t where £ is 
the depth of evaporation per unit time . 
The volume drawn off is FV, l.l. where V'- is the capacity of the dam 5 1D .J 
when full . 
* In the V-shaped valleys which occur in the central portion of 
S.Juth West Africa, inverted pyramids have been found to represent 
the shape of the basins with sufficient accuracy (see Figs.14,15 and 
17 for co:r::parison with actual capacity curves). If other types of 
topography prevail, such as the box canyons of the lower Fish River 
Area in South West Africa, special analysis is required. 
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According to the chart a dam with 110 feet of storage will yield 
approximately 59% of its capacity at the dam outlet if drawoff is 
spread over 3 years. 
Stellenbosch University http://scholar.sun.ac.za
5 
A dam with 35 feet of storage will only yield 6% at the outlet 
wity drawoff spread over 3 years. With a dam of 10 million 
cubic feet capacity this percentage will be sufficient for the · 
watering of 400 head of cattle. If, however , a drawoff of 50% 
is desired the service will be reduced to fifteen months. The 
dam could then only form part of a permanent water scheme, where 
it will serve as a means of relieving the strain on ground water 
supplies or where part of the drawoff can be stored underground, 
for use when the dam is empty. 
In general the means of overcoming evaporation loss in dam 
schemes are to adopt large storage depths or to store water under-
ground. 
Apart from evaporation , silting constitutes an important factor 
in the planning of storage dams . The problem created by silting 
is largely financial. Storage capacity destroyed by silting has 
to be restored, which means additional, ever recurring expenditure . 
Only dam schemes where benefits derived are sufficient to warrant 
the cost of making good the effect of silting, can be regarded as 
permanent assets. Makin(..~ good the effect of silting can consist 
of raising the dam wall: building a new dam or removing the silt 
which is deposited. The cost of silt removal is generally con-. 
sidered to be prohibitive , when compared with the value of the 
':\. 
storage capacity regained. Where the maintenance ofAwater supply 
is a matter of extreme irnportance , silt removal may have to be 
considered. 
In practice it has been found that sites for open storage dams 
which will yield a permanent supply and have a reasonable "life" 
as limited by silting, are difficult to find under semi-arid 
conditions. 
*Raising the dam wall can restore the capacity, but the depth 
for equal storage capacity will be reduced and evaporation losses 
16 increased. 
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(3) Construction of D!pletion Charts - Open Storage , 
The capacity curve v5 = !s c. h~ the rate of extraction QA 
and the rate of evaporation £ are given. For constructing the 
depletion curve the time tn during which any residual storage h~ 
will be depleted must be found (Fig.13). 
Let h and t be any depth and corresponding residual time during the 
depletion period ; and f; h the rate of depletion at h ~ t rt:-
Volume evaporated in interval St 
Volume drawn off " " II = - QA b t 
Total depletion " " ti ::= c. h
2 b h 
i.e. a,~ l>t + [c..hl..St = 2 r h ch C; 
bt = 
Integrating between the limits 
- ( h~ (I ~ Eh1.)dh -J F cE Q,\ +-() -
-z--
hs Oµ., (1~ dl--J 
:;: 
- ·- · 1 38_ +Eh"-t. (., [ ) 
0 (.. 
btAt ( ch . :::. J 0.. T" b ~ .. 
t :: hs [ ~-'- t~n- 1 (~~ hff's D E. ct. ~~I:_ 
-o 
~ h< J__ i QA-- tavi-' (t=<:..- hs) f_ t_VEe.- Q/4 
By substituting c.. =7 26 & QA = 200, 000, the constant and draw-
off for Otjimahona dam (Fig.14), the following equation for the 
depletion curve of this dam is obtained:-
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t; ;! 
l.; J-rh £ 15 ;200 000 
- '\ 7l6£. -•( J 726 £ fl to.fl , h!» i oo, oOO 
: i[h~ - -1 (h J--r )1 J l~6 t Q r'i \ ~ 2--=;0 .!.J 
·r I , r: ': 9 ft t] = ~ (h~ - <·5.3 tar'J ~ -I h ) 
- 5" · 5~ 
if e. :: 8 ft tD z 8 ('\ - - 5· 88 ta fl_, .!1!>-) 5 ·88 
\ t E :: l ft t]) ~ l.(h 7 5 - 6·.< a (.\fl ~-t -1 h ) 6 1 2.8 
Depletion curves calculated by means of these formulae are plotted 
in Fig .13 , 
(4) Storag~_Efficiency in Sand Storage Reservoirs. 
An interesting storage practice which promises to eliminate the 
silt problem, and largely also the evaporation problem, consists 
of' storing water in sand filled dams. Sometimes conditions are 
such , that dams fill with material which is capable of absorbing 
water from floods and again yielding it to wells or infiltration 
galleries in sufficient quantity. Several instances of this 
description are on record. 
For instance:-
G.G.Sykes 1 describes sand filled dams which are situated in the 
semi-arid region of the United States of America. Some of the struct 
ures are more than a hund¢red years old. The water yield is des-
cribed as "small but dependable" . 
In 1907 the Government Water Engineer in South West Africa, 
van Zwergern 2 , submitted a report on water conservation methods. 
He described the method of conserving water in sand filled dams , 
which was successfully applied in certain mountainous parts of 
Germany (Schwaebische Alb) and suggested that if modified to suit 
local conditions, this method promised to solve the problem of 
watering places for stock. 
To test this method a weir 16.5 feet high was constructed in 1907 
in a 40 square mile catchment at the Bacteriological Station, 
Gamams , near Windhoek. A large portion of the catchment area is 
situated in the mountainous quartzite country south of Windhoek, and 
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a particularly clean and comparatively coarse sand is transported. 
In 1913 the basin was reported to be completely filled with sedi-
ments, mostly sand. The yield was estimated*to be as high as 33% 
of the 630,000 cubic feet of fill, retained in the dam. 
The dam solved the water supply problem of the Bacteriological 
Station. A well was sunk at the edge of the dam and drains the 
basin by means of a tunnel passing below original river bed level. 
As far as can be ascertained the well has yielded a continuous 
supply for gardening and stock ever since. The water contains 
iron salts in solution, which are precipitated in the reservoir 
in which the water is stored after pumping. 
The results achieved at Gamams must be regarded as favourable. 
The products of weathering of mica schistc- catchments;·,_, :for instanc e , 
are much finer than those of a ~uartzite catchment and less favour-
able results must therefore be expected; but even here success can 
be achieved by adopting special me thods a s described in chapters 3 
and 4. 
It is also of interest that the Drought Investigation Commission3 
which reported on the water problems in South West Africa in 1924 
advocated the storage of water in sand filled dams, which are 
referred to in their report as "sponge dams" 
Evaporation losse s are reduc ed but not eliminated by adopting sand 
storage , as the following analytical s tudy of s t orage efficiency 
will demonstrate:-
The water tagle will be assumed to recede in parallel planes 
sloping upwards, awa y from t he dam wa l l ; and t he sa turated volume 
below water tables to be of the form of an inverted pyramid (page 2 ) 
w~tcr> fdl/;Jle .;;/ which 
E,,.a,,oQ.rwf,<Jn Long!ludinal Sec/Ion . 
Through .501nd Slon:2ge &sin. 
~Estimate made by von Zwergern. Evidenc e on which this figure was 
based , not ava ilable . 
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Observations indicate that evaporation from water stored in sand 
ceases for all practical purposes when the water level drops to 
about three feet below the surface of the sand. With no drawoff 
this drop in water level occurs in about three months (page 103 ). 
The following is a detailed analysis of storage efficiency in a. 
sand reservoir:-
Notation:-
n = Porosity of the sand. 
n, = Average water content of the sand at the end of a flood 
season. n, is only equal to n after exceptionally good flood 
seasons. 
nl= Specific yield of the sand reservoir with an original water 
content n, 
V~ = Sand volume of reservoir (cubic feet) 
1-1 = ~,~aximum depth of sand (feet). 
5 
Q =Rate of useful drawoff (cubic feet per annum) . 
A 
Tn= Total time required fo~ depletion of reservoir (years). 
TE= Time required for depletion of top 3 feet (years). 
Rf_-= Volume of top three feet of sand 
'Total vo""Iume of sand -
~ 
= I - ( ~s - ~) 
Hs 
F = Efficiency of Storage = Useful drawoff 
Volume of w-a~t-e_r __ a~b-s_u_r~b-eCI ......
Evaporation will be assumed ~o be confined to the top three 
feet and to lower the water table by that amount in. three m8:::1.t >s 
or 0.25 year, if no water is extracted from the reservoir. It 
is furthermore assum3d that the top three feet are completely 
dried out between rainy seaYons. 
Analysis:-
The maximim yield of the basin in the theorstical cP.se of 
instantaneous extraction ( 1~0 = 0 and TE. = 0) will be \/<.., r)_ • 
- · <-
If i; --~ c'° , however, Te: will equal 0. 25 years, and the 
useful yield will be reduced by 
For any other value of T;:_ it will be assumed that the 
reduction in useful yield due to evaporation will be prop or-
\ .:,;. .. 
TE 
-,- . ....... ~",. - 11#. 
tional to i.e. equal to ~725 RE · \J~nz. .). .. ""' 
' 
-.. 
- ' 4 
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i.e. QA TE. = useful yield of upper three feet 
,-; 
= RF-\/':;:, n 2 - t.c- R.: V ... n 2 0•2.-:J - .J 
10 
•0••······(3) 
also lower H - 3 feet QA(TD - Tr:..)= useful yield of 
= ( 1 - 1< e) V c, n 2 ••0•• • 0•••••(4) 
T;: = R~ ( I - f.k) 
ID - I ~ I - 1<.. ,-:: (equation (3 )~equation (4) 
i.e. -T e.. 
- t<i:_ 
1<-1:. 
T. =- T. + 
[) /:.. 
= I,_: + 
- I 
I 
Tr:: 
4- . 
I 
- -'+ 
F 
-=- 1,:- +(-'"'-)°'-
- H" :__ ~ - / 
= efficiency of storage 1.-t. 
= Total useful drawoff 
Total volume of water absorbed 
= Q6 TiJ. Total volume of water ab.sorbed. 
( 5) 
Note:- The volume of water lost by evaporation is equal to R,:. \/~11l 
when there is no drawoff and less than this amount when drawoff 
occurs. Loss due to evaporation is never greater than I<,:. Vs n 2 · 
Consider 
a) The state of the basin befo r e replenishment:-
It will be assumed that the basin was depleted fro~ an original 
capacity v~, by drawoff and evaporation i.e . that the top three 
feet were completely dry and the basin below this zone contained 
11, - ni. by volume of retained moisture . 
b) Replenishment:-
It will be assumed that a flood season causes replenishment to a 
water content r7 1 • A fraction n 1 will be absorbed in the upper 
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three feet and a fraction ni in the portion of the basin below 
this zone 7 to bring the water content throughout the basin to n, . 
The total volume absorbed will thus be e~ual to 
QA TD - -
i< ,:: v~ n , + ( 1 - R 1~) Ve;, n 2 i.e. 
From e~uation ( 1) R _ V.., -: GA TE. 
'::. ,J n ( I - -rt;. _ ) 
2. 0·2~ 
II II ll) (1 -1<,::) ~"2 ~ QA(ln - Tt.) 
F =. Q Tr 
(1 I QA Ti:_ 
+- QI~ (TD - T,:: ) Yi 2. I - f,,-
-= 0•2 $" 
+ 0 (6) n ..!-
2 Ti;:: 
E~uations (5) and (6) will now be solved for selected values 
of H~ and ~ 
Hs (~~yi-1 H~ - 3 
-.-
I;:: +;_ ~ 
10 0.52 .25 ex:::> 
20 1.59 .24 6.0 
40 3.85 .23 2.86 
60 6.25 .22 1.82 
80 8.3 .20 1.0 
100 10.0 .l8 .645 
.14 .318 
.10 ,,167 
.05 .0625 
.o 0 
If r1 f = 0.4 and nl = 0.25 
i.e. \'JI = l;,6 n2. 
and Hs = 100, 
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for~= 0.14 
by e~uation(5)~-
TD = ~ + 10 x. 0 • 313 
=0 .14 + 3 .18 
= 3.32 
by e~uation (6)~-
for TE.= 0 .10 
1D = ~ + 10 )( 0 .16 7 
:::0.10 + 1.67 
= 1.77 
F = 3 ·i 2 F = 1. 77 _ 3.1.13'+1-. x G'. 318 I • 6 7 +T~."'lb7 
= 3.32 J·:-re + "tJ .) 1 
::: 3.32 
T:b9 
0,90 
:::; 1.77 
= 
= 
I.b7 + 0.27 
1.77 
r.94 
0.91 
12 
for T£ = 0.05 
TD= TF.. +10X•0625 
==O.o5 + o.625 
= 0.675 
F = o .675 
o·.625+I .6 ,c. o .C5G2;5 
= o.675 
tr~ 6 2 5 + ·u--:J_CJ" 
= 
0.675 
0:1-2-r; 
0.93 
Similar computations were made for Hs= 80, 60, 40, 20 etc. 
The results were plotted and cu!Ves of equal stora.;e 
efficiency drawn (Fig. 4 (a) ) . 
Similarly for n, =· 0.25 and n2 = 0.10 i.e. ~ = 2.5, the t 
storage efficiencies shown in Fig. 4 (b) were computed and the 
corresponding curves of equal storage efficiency dr~wn. 
Tiy means of the curves in Figs. 4 (a) and 4 (b) an indica-
tion of storage efficiency for any given storage depth and 
depletion period, with two typical conditions of saturation 
can readily be obtained. 
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Figs. 2 and 4 demonstrate one great advantage of storage 
irJ ~1and filled dams over that in open storage dams, namely 
the compar~tively high storage efficiency of the former 9 
even with low dam walls and long service periods. As al-
e 
ready sta ted a further advantage of storac;e in sand filld dams 
/\ 
is to be found in their immunity to silting . 
Considering a pre:.otical example, a sa:ncl. storage dam 
35 feet deep will yield between 711~ and 60~~ of the absorbed 
water with a s ervice period of 3 years, compared with 6% in 
an open storage dam of equal depth (Figs. 2 and 4 ). If the 
total volume of sand is 10 million cubic feet, the fol-
lowing volumes of water will be absorbed and drawn off 
respectively:-
I o) n = I 0.40 1'12= 0.25 b) n,= 0.25 nz = 0.10 
-· 
Volume Rr:. Vs n, + Q - Rr:.) V5 nz.. Re:. V5 n 1 + (1 - Rr:.) V5 nz. 
\/~ ( • 2 4 x • 4 + * Vs ( • 2 4 x. 2 5 + ~ absorbed = .76X, 25 ) = • 76 x.10) 
= \fs ( .096 + .190) = ~ ( .060 + .076) 
I = 
. 286 Vs = .13G v~ 
= 2 .86 million cu.ft. = 1.36 million cu .ft. 
-- -
Drawoff 111·~ of 2.86 60% of 1.36 
I = 2,03 million cu.ft. = 0.82 million cu .ft. 
For 1-\,= 35 l,' - l~F... = 0,76 and Rr:.= 0,24 
An open storu.c;e clam of equal s i ze will require 10 million 
cubic fe et of water f or r eplen i:::i lunent awl will only yield 
0,6 million cubic fe et uuring u subsequent serv i ce period 
of three years (page 5 ) . 
5 ) Construction of Depletion Char-t s - Sm~cl. . . StoraG_e 
The cai>aci t y cu :cve '\J - 1 c.. h3 t h " r te - "' · t · Q 
..t' .S - ~ 5 · e e:~ ol ex-crac -ion A 
and the s J_J ec i fi c yield n2. a1·e given or e8tiu1ateU.. 
It f ollows from equation ( 3 ) tha t t he time taken f or 
depletion of the top three feet i s given by 
Ri;: Vs nz 
:::. 
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Ilelow this level the time t durinc,· which any residual D o 
storage v5 is depleted is given by 
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( 6) Exa~les of g~_and Sand _.§..t..9rage Reservoirs . .: 
Ob_served and _com.:e~ted De.El~j;ion " 
--). 
Av is D2.m . An open storage reservoir with a capa city of 
129 million cubic feet and a depth a bove outlet of 32 feet 1 
formih3 pa rt of the town wa ter supply of '.;T indho ek. When 
the reservoir is empty the town is supplied frorr. boreholes. 
F i g •. 6 .. 
Ot j imahona Dam . An oper;. storage reservoir v.·i·~h a c c: .pnci t y 
of 10 million cubic feet and a depth of 35 f e e t, constitut-
ing a wat ~ r supply for cattle . 
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Figs. 7 & 8. J3ulslrnp Dam. Third and fourth stage of a 
sand stora.;e dam. The third sta;;se is shown after it 
reached maturity (fully sanded up). The fourth stage, 
shortly e.fter constni.ction. The purpose of the siphon 
is explained in chapter 5. 
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.l!'l.g .;J 
First stage of the sand storage dam at Aukeigas, with 
the ·~ sanding up" process not yet complete. The infil tra-
t ion well in the early stages was closed by means of a 
timber cover at river bed level. In later stages the 
desi~n shown in Fig~51 was adopted. 
Sand tongue entering the fifth stage of the s and storage 
dam at Aukeigas . 
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Fig .11. 
Sand. storage daiil at Aukeigas . Fifth sta0e . Only 
400 feet of the dam basin nearest the clam wall are 
visible. The upper 1200 feet are round the bend to 
the right. 
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COMPUTED DEPLE.TION : OPEN .5TO~A4E DAf\1 ZI 
Capac.it'1 
Curve -r 
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( 7) Ou tline:__of Available Information 2.ncL_9_f._J;he Additional 
~esearc_h undertaken by the Author. 
It has already been indicated that the storage of 
water in sand filled do.ms is an old practice in some 
countries. The illustration, Fig. 1, shows a n old 
sand storage dam in South West Africa. A number of 
examples of this nature are to be found in the Territory. 
The principle of stage construction to minimise the deposi-
tion of fine silt (see Chapter 4) was known to engineers 
and farmers in South West Africa; but the author came 
across no instance where it had been systematic::>..lly 
applied. Van Reenen 3 does not mention stage construc-
tion in his discussion of "sponge dams". 
The need for systematic observations and experiments, 
a ccompanied by the necessary analytical study was apparent. 
In this connection the author has undertaken the following 
work which is described in detail in the appropriate 
chapters of this treatise:-
a) Construction of stage construction dams a t Aukei-
gas and Bulskop, followed., by observations of sedimenta-
tion and water yield. In the dam at Aukeigas aL excep-
tionally large stage was included to obtain data for es-
timating the maxinru.m permissible height of stae;es under 
given conditions. In Bulskop Dam a siphon Yvas installed 
in the final stage to obtain a practical test of this 
method of improving the effectiv eness of a sand s torage 
dam. 
b) Analysis of the hydro;'.?;raphic date. collected at the 
Nubuamis hydrogrnphic station and Avis Dam near Windhoek . 
Construction of river gauges at Goreangab, Kranzplatz and 
other sites and systematic analysis of the records to 
obtain , l:P-..lli a lia;,, basic info rmation for the design of 
sand storage dams . 
c) Model experiments to determine the principles 
governing s edimentation in sand s torage dams with and 
wit hout siphons . 
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d) Tests and ex1Jeriments to deter:11ine the properties of 
sand deposits and. the rate of evaporation of water stored 
in such Qeposits. 
e) Mathematical analysis of the depletion of open e,nd 
sand stora::::,e reservoirs and comparison with actual 
depletion curves. 
f) Trial boreholes in the natural reservoirs at Ornaruru, 
Swako:pmund, Okombahe, etc., to determine the extent and 
properties of the water bearing deposits. Proposals for 
the elimination of brack water from the natural sand re-
servoir at Swakopmund, complete with the analyses on 
which the scheme is based. 
h) Investigation of the lower Fish River area in South 
West Africa and proposals to construct sand storage dams 
in that area. 
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(1) Catchment Yields. 
CHAPTER 2. 
BASIC DATA. 
27 
The amount of water which a catchment will yield will 
depend on the rainfall and the nature of the catcbn1ent 
area. An examination of the records of rl1noff gauging 
stations will give a general picture of what may be 
expected of catchments in the region in which the sta-
tions are situated. 
1he following is n ~umrnary of runoff observed at four 
river gauges in the central mica schist area of South 
West Africa:-
Runoff in inches at four gauging stations 
-- --·-------
Season Swakop River 
near Gamams m Gamams n Gamams I 
Okahandja 
-·-
- ~~ -- -~· ..... · 
1942/43 0.649 
1943/44 0.605 0.940 
1944/45 O.Oil 0.023 
1945/46 0 .436 0.573 
1946/47 0.405 0 .531 0.455 0.820 
1947/48 0.121 0.823 0.572 0.560 
1948/49 0.378 1.280 0.901 o.835 
1949/50 0.275 1.266 1.160 1.229 
1950/51 0.025 0.032 0.019 0.037 
1951/52 0.049 0.108 0.064 0.083 
-~~------· -
Avei~age 
last six 0.209 o.673 0.528 0.594 
seasons 
Size of 
catchment : 
(sq.milesj 1156 168 115 53 
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The gauging station, Gamams I, is situated in the Gamams 
River approximately eight miles north-west of Windhoek. 
Gamams II is situated below the confluence of the Gamams and 
the Aretareigas Rivers (~nd Gamams m records the combined 
runoff of the Garnams, Aretareigas and Aukeigas Rivers. 
The averac:;e annual rain.fall in, the Swakop catchment , 
according to the available isohyetal map is approximately 
16 inches and in the catchments near Windhoek: npproximutely 
15 inches. In the catchments near Windhoek 9 mountainous 
and hilly country predominates, in the Swal::op catchment 
only half the area has these characteristics, whereas 
the other half is inclined to be flat with appreciable 
soil cover. 
It will be seen that there are considerable differences 
in average annual runoff. Estimates of runoff based on an 
examination of co.tchment characteristics and rainfall 
records alone, can be very misleadinc . 
( 2 ~ Niaximum Probable Floods, 
~-·. 
The rainfall throughout the Territory of South West 
Africa is of the. continental, thunderstorm type; and 
floods of high intensity occur even in areas of low 
annual ra;infall. 
The table below and Fig.19 show how observed flood 
intensities approach the intensities given by G.B.Williams• 
formulae Q :. /C/00 A0 "75 and Q =. 3600 A o•i+-5" for 
I I 
the Rocky Mountains Region of the United States ol America U 
(The formulae are for catchment are<:~s below and above 
10 square miles re8pectively). G.B.Williams comments 
as follows on flood intensities in the Rocky Mountains 
Hegion:- "In spite of the fact that the rainfall. on 
these mountains is very scanty (only on a very small 
area does the mean reach 30 inches and in parts it is 
• 
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less than 10 inches), a number of floods of high in-
tensity have been recorded." In South West Africa the 
average annual rainfall varies from practically nothing 
in the desert region to 25 inches in small areas in the 
no.rth of tl18 Territory. Floods of high intensity have 
been recorded in several catchments not necessarily in 
the highe:L' rainfall areas, as the following table will 
show:-
:Name 
of 
1catch-
1ment 
Nubua-
mis 
iDa.m 
i 
i 
I 
Avis 
Dam 
Zamna.-
1rib 
Dam 
Riet 
River 
' 
jvoigts-
grund 
tna.m 
I 
iSwakop 
iRiver 
tnear jOka-
ihandja 
I 
I Size 
i (sq. I mil(,;s) 
1 
40 
50 
!Average I I 
;.a::nual : 
1 Rain- • 
fall 
i( inche~3) 
1. 
15 
15 
6 
-~ ·---------- ~--- -- --
70 6 
148 6 
1160 1.6 
.. .... . .. -
Observed 
Flood 
(cusecs) 
1.,500 
- - t 
1,800 
Date of: 
Occur-:-
rance I 
I 
I 
20 .J. 
1934 i 
1 
I 1,3. ! 
I 
Remarks 
Q,in ac-
cordance 
: with G.B . 
: Williams' 
formula. 
(cusecs) 
a) , 1,900 
Max .1931 a) , 
to 1952 1942 
l--· I 
' I b) ~ 24,000 l l'B~/:.tt Max.1933 • 19,000 
l to 1952 
15,000 13 .1. Max.1910 b) 20,900 
1944 to 1944 
20,8±4!· cJ 24,400 
-~-·-
28,400 I 1933/ b)I M.ax 1914 i 34,000 i 1934 to 1934 l 
I 
I ~----- ~-- - --- --~-
30,000 : 1941/ c.) 
1942 G6 t-300 
70,000 1930/ Max 1930 cJ) 1931 
to 1952 
I 
--~-----
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Name Size Average 
of . (sq. · Annual 
catch-: miles )1 Rain-
ment fall (Inches) 
~ 
I 
30 
-- -- r- ---·---""T""- ·- - - ------ ------~ 
Observed Date 
Flood of , 
(cusecs) Occur-: 
ranee 
Remarks in ac-
' cord.ance 
with G ,B. 
Williams' 
formula. 
(cusecs) 
----i ------· -------~-- - -- ............_. ____ __,... 
Fish 
river 5000 
at 
7 67 ,ooo, 1949/ ' 
1950 \ 
. c) t 166 ,ooo 
Hardap 
I 
I 
Fish I 
River 1 5500 
at i 
Kranz-
plat z 
Fish 
River 5550 
at. I 
Gibeoni 
I 
I 
Swakop! 
River ' 6000 
at l: •• Nu dis 
7 54,000 
54;000 
7 100,000 
112,000 
12 ;129,000 
il66,000 
--
ci 0 1 000 
I qz S 
1943/ 
1944 
1933/ 
1934 
19.22/ 
1923 
20.1. 
1909 
1941/ 
1942 
1933/ 
1934 
1ciii./z:, 
c:) 
e) 
Max.190~ ,I 
to 1952 . 
h) 
i,\ 
Max 1922 
to 1952 
- '1) 
• * 
17 4,000 
176,000 
180,000 
a) Computed from automatic water level recorder data. 
b) Flood marks in dam spiJ.lway. Approximate allowance 
made for ~bsorbtion by storage capacity in the case of 
Avis Dam. Spillway discharge only in Zamnarib Dam. 
c) Flood · marks on river bank. 
dl Deduced from a flood report by road foreman. 
e~ Automatic water level recorder at gauging station. 
f) High water mark painted on steps at school property~ 
Gibeont 
g.) IB Observation and computation by P.Range 
I] 
h) Observation and computation by R.Seydel 
• 
• 
Until further information becomes available it is suggested 
that G,.:S.Williams• formu.l.ae be adopted for catchments in 
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Fig. / 9. 
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South West Africa, regardless of the average annual rainfall 
of the area concerned. A reduction factor should, how-
ever, be applied where catchments are extremely absorbant 
(sand-veld, dolomite, etc.). 
(3) D~tailed Study.of Flood Intensities. 
In investigating problems of sediment transportation 
special attention will be given to the relation between 
intensity of flow and transporting capacity of a stream. 
Floods of different peak intensity will have different 
transporting capacity. For this reason the records of 
the four river gauges in the central mica schist area 
will be considered in greater detail. The following 
tables give the intensity and yield of recorded floods, 
l) in chronological order and 2) in order of magnitude .. 
of the peak intensity, From the latter classification 
the frequency of occu7ence of floods with a peak intens-
ity equal to or greater than any particular intensity Q 
or relative intensity %, can be read, as well as the 
fraction of the total runoff F~ produced by floods with 
a peak intensity equal to or greater than any particular 
relative intensity C¥o. 1 • Figs. 20 and 21 give this 
information in a ' convenient form • 
. ' 
. ·. 
Definitions:-
Q = peak intens ity of a flood. 
Q, = maximum probable flood. 
O/Q = relative intens ity of a flood. 
I 
F, = fraction of total runoff produced by flood s R 
of r elative intensity equal to or greater than Q;Q • 
I 
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Swakop River - Recorded Floods in Chronological Order. 
I Season Runoff No. I Amount of flow j Peak intensity l (million cu _. ft.) t (cusecs) 
1946/47 1 1.30 I 50 
2 14 .58,, . I 1750 I 
3 2.40 I 275 
I 4 28.40 1000 
5 53.10 2600 
6 81.56 2500 
7 39,14 1950 
8 122.00 5800 
9 73.70 3700 
10 102.10 3400 
11 7.80 300 
12 87.70 4-700 
13 8 .• 90 300 
14 4.60 200 
15 16.70 500 
16 50.20 2550 
17 t 28.20 1675 
I 
I 
18 I 20.00 1025 19 145.10 2250 
1 
20 I 200.20 10,400 I 
l 1087.68 
- - - - -
_ ____ ___ j _. 
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Swakop River - RecOJ?ded F.loods in Chronological Order. 
i 
Season Runoff No Amount of flow Peak intensity 
(million cu .ft) 1 (cusecs) 
I 
~- ... ------+----- - --...... ~----...... - -·---· 
;1947/48 1 1.82 450 
2 4.79 300 
3 46465 3650 
4 l08.89 3900 
I 
I • 
5 86.77 1800 
6 10.03 600 
7 5.97 . ~00 
8 3.93 400 
9 5,46 .750 
lO 3.16 100 
ll 19.20 1200 
12 _?9 .)._0 __ 1225 
325.77 
I 
i 
\ _ __ - -- - - - _ _ _ _J_ _ 
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.---Seaoon 
! 
' 
l 1948/49 
l 
I 
~ 
I 
I 
I 
! 
I 
I 
I 
.J 
34 
Runof'fi110:"""; An10U.n-f ofTiovv-~"Tl?ei'k" i ntensity ·i 
I (mill ion cu. f t ) ! ( cusecs) i 
I +- -~-----
1 ! 
i 
6 . 54 600 
2 I 12 . 42 900 
3 27 . 78 1900 
4 10 . 68 1100 
5 56 . 25 2200 
6 1 . 64 1 00 
7 5. 01 550 
8 5 . 67 700 
9 22 . 67 l 250 
10 144 . 97 3300 
l l 114 .86 1800 
1 2 9 .89 600 
13 79 30 200 
14 12 . 21 350 
l 5 35 .10 1550 
16 105 . 87 4100 
17 26 .7 2 1300 
18 s . 94 550 
19 6 .10 200 
20 6 . 58 150 
21 5 . 23 500 
22 139.30 2 ~-50 
23 27. 90 1600 
24 112 . 71 39 50 
25 30 . 96 900 
26 I --1~_!].1_ 1400 I l ! I 1015 . 02 
__ J I I 
·- -l --·- .. ... - ·--- L. , 
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Swalrnp River_ - RecordeLF:J.oods in Chr.onological Order. 
Season Runoff No. Amount of flow Peak intensity. 
(million cu .ft.) (cusecs) 
1949/50 1 36.28 850 
2 24.31 3000 
3 11.76 200 
4 35.28 3400 
5 23.12 800 
G 11, 61 1000 
7 26.46 3150 
8 11.66 200 
9 13 .78 800 
10 7.52 250 
11 6.72 400 
12 34.62 400 
13 30.08 1325 
l4 48.69 2900 
l5 21.47 1000 
16 21.58 950 
17 10.50 475 
18 11.34 400 
19 24.42 250 
20 13 .G4 480 
21 34. 77 1200 
22 31.83 1000 
23 15.26 400 
24 23.33 400 
25 20.27 450 
26 13 .18 300 
27 13.G9 2o75 
28 42~39 1350 
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29 
30 
3.1 
17.66 
15.94 
37.26 
32 I i2.14 
I 
33 I 21.66 
1 
I 34 I 14.33 l 
. _L _______ ·-_ J. _ __ 73~.96 _____ ._J. 
36 
550 
820 
900 
150 
375 
1575 
SwalS2J?. River.: Recorded Floods in Chronolo_g_ical Order. 
Season Runoff No. Amount of flow 
(million cu.ft.) 
. Peak intensity 
l~.~~~~~~~~~~~--~~~~-i-1~-(-c-~·-s_e_c _s _) ~~ 
1950/51 
-· ~----
l 21.83 
2 
J 
4 
5 
6 
7 
! 
..........- - --- - - --
0.28 
4.23 
9.43 
1.47 
7.37 
21.42 
66.0J 
2140 
40 
500 
700 
70 
350 
2140 
SwakOJ2 Ri~:er - Recorded Floods in Chronological Order. 
Season Runoff No. Amount of flow Peak intensity (million cu .ft.) (cusecs) 
-
1951/52 1 l0.61 700 
' 
2 3 .55 560 
3 11.23 860 
4 2.06 500 
5 22.96 560 
6 39.77 1830 
7 6.71 200 
8 8 .38 300 
9 5.50 500 
10 20.97 900 
131.74 
-----
----- -
--- - .... ...- ---- - ~- - ·- -- ·· - ··--·- - --- - ---· .. 
- -
Stellenbosch University http://scholar.sun.ac.za
37 
Swako_l)_ Rt_v_e_i: - Rec_orded_]'.'l9oc.ls,_~n O:;:'der of WI~~y1i t~d~~­
• '+5' 
0,
1 
= 3600 '>\ 1165 = 86 ,300 cu::Jecs o 
:I'lood No i Peak Amount I i_ Amount 
! cusecs ! mil. ! 
1
1 n I cu. . 
\-'I I f t 0 j 
-;-1 1 __ 0_4_0_0_[_ 20~ 20·-,o-_-2_0_....___o. ~50-~ .1206 
I
I 5soo I i22.oo 1 322.20 2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
I 115 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
I . 
1 4700' 87.70' 409.90 
0 .096 : 0 .0672 
! 
0 .122 ; 0 .0545 
f 
I 
I 
I 
4100 
3950 
3900 
3700 
3650 
105.37 
112.71 
108.89 
73.70 
46.65 
3400 102.10 
1 · 3400 35 .23 
l 3300 144.97 
' l 3150 26 .46 
3000 24.31 
2900 48.69 
2600 53.10 
2550 50.20 
2500 81.56 
2450 139 .30 
2250 145 .10 
2200 I 56.25 
2140 21.83 
2140 21.42 
207 ~ 13.89 
1950 39 .14 
1900 27.78 
1830 39.77 
1800 114. UG 
1800 86.77 
515.77 
737.37 
Gll.07 
857.72 
o.153 0.0475 
! 
o .1s1 I o .045s 
I 
o. 219 1 o . c 45 2 
(1.241 i 0.0429 
Oo25 5 0.04-23 
959.82 0.285 0.0392 
995.10 0.296 0.0392 
1140 .07 0 .339 . 0 .0383 
1166.53 0.347 O.OJ 65 
1190.84 0.354 0.0348 
1239.53 ' 0.369 0.0336 
1292.63 0.385 0.0301 
'1 
1342.83 0.400 1 0.0296 
1424.39 0.423 . 0.0290 
1563.69 0.466 ~ 0.0284 
1708 .79 0.508 . 0.6261 
1765.04 0.525 0.0255 
1786.87 0.531 0.0248 
1808.29 0.538 0.0248 
1822.18 0.542 0.0240 
1861.32 0.55 4 0.0226 
1889.10 0.560 0.0220 
1928. 87 0.573 0.0212 
2043.73 0.600 0.0209 
213 0 ~50 0.633 0.0209 
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- · -
. .... 
i . ' . 
Peak ~Amount ,Flood No. Amount 
FR 
Q 
I cusecs mil .cu. Q, 
Q ft. j 
l 
---+---·---· . --.+--.--____.; i -
29 1750 14.58 2145.08 0.638 0 .0203 
30 1675 28 ,20 2173 .23 0.647 0.0194 
31 1600 27.90 2201.18 
32 1575 14.33 2215.51 
33 1550 35,10 2250.61 
34 1425 29 .10 2279. 71 
35 1400 19.20 2298.91 0.683 0.0162 
36 1400 71.72 2370 .63 
37 1350 42.39 2413.02 
38 1325 30.oG 2443.10 
39 1300 26 .72 2469.82 
40 1250 22.67 2492,49 0.740 0.0145 
41 120~; 34.77 2527.26 
42 1100 10,68 2537,94 
43 1025 20.00 2557.94 
44 1000 21.47 2579.41 
45 1000 11.61 2591.02 
46 1000 31.83 2622.85 
47 1000 28.40 2651.25 
48 950 21.58 2672.83 
49 900 37.26 2710.09 
50 900 30.96 2741.05 0.816 0.0104 
51 900 20,97 2762.02 
52 900 12.42 2774.44 
53 860 11.23 2785.67 
54 850 36.28 2821.95 
55 820 15.94 2837.89 
56 300 23.12 2861.01 
57 800 13.78 2874.79 
58 750 5.46 2880.25 
59 700 10.61 2890.86 
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Flood No. Peak Amount ~ Amount Q 
cusecs mil .cu. Frz a, Q I ft. I 
~--· 
60 700 9.43 2900.29 o.862 0.0081 
61 700 5.G7 2905.96 
62 600 10.03 2915.99 
63 600 9.89 2925 .88 
64 600 6.54 2932.42 
65 560 22.96 2955 .38 
66 560 3.55 2958.93 I 
67 550 17.66 2976.59 
68 550 8.94 2985.53 
69 550 5.01 2990.54 
70 500 16.70 3007.24 0.895 0.0058 
71 500 5.50 3012.74 
72 500 5.23 3017.97 
73 500 4. 23 3022.20 
74 500 2.66 3024.26 
75 480 13.84 3038.10 
76 475 10.50 3048 ~60 
77 450 20.27 3068.87 
78 450 1.82 3070~69 
79 400 34.62 3105.31 
80 400 23 .33 3128.64 0.930 0 .0046 
81 400 15.26 314-3.90 
82 400 11.34 3155.24 
83 400 6. 72 3161.96 
84 400 3.93 3165.89 
85 375 21.66 3187.55 
86 350 12.21 3199.76 
87 350 7.37 3207.13 
88 300 13.18 3220.31 
89 JOO 8.90 l229.21 
90 300 0 .38 3237 .59 0,961 0.0035 
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Gamams III - Recorded Floods in Chronological Order . 
I 
I I i Amount of flov1 I Season Runoff No Peak intensity i i (million cu.ft.) (cusecs) I 
I I 
I 
11946/47 1 0.47 225 
I 2 0.07 10 
I 3 i ~ . 49 875 
I 4 5.78 1050 
I 
5 Lt .01 500 
6 1.85 100 
7 15.33 1325 
8 G.39 1200 
9 1.80 75 
10 1.95 150 
11 7.42 700 
12 1.05 450 
13 6.16 L;.o 
14 1.65 300 
15 5.89 775 
16 0.37 50 
17 4.68 650 
18 2. 76 J..50 
19 0 . 61 1675 
20 2 .57 250 
21 30.21 3400 
22 2. 83 275 
23 25.10 2600 
24 16.13 2300 
25 20.00 3550 
26 2.93 500 
27 7.lG 550 
28 13. 22 1400 
29 2.20 150 
30 2.21 200 
31 5.77 1400 
20,r:05 
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Gal!§ms_JII - Recorded Floods in Chronol.ogical O_fder ._ 
i---···- I 
!El ea son Runoff No • . Amount of Flov~ Peak intensity. 
I (million cu .ft )j .. (cu.secs) I ; t I I 
I I 
--- ---t 
I l947/48 . 1 8 . 28 l775 I 
. 
2 ;6,,lO 1050 
3 o.63 50 
4 22.35 5100 
5 22.01 3400 
6 36.62 3200 
1 12 ,43, 1100 
8 17 .~8 1500 
9 1.24 1250 
10 14 .• 65 1550 
ll 3. 6/:. 190 
12 2 .l8 250 
13 0.40 40 
14 3.49 400 
15 4.13 300 
16 8.72 2050 
17 3.27 450 
l8 135~80 21000 
l9 8.91 550 
20 ~.30 150 
' 
3 21.03 
, ____ _ I 
----·. -~-- --
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4.1 
,g.§_mams III - Recorded Floods in Chronolo~ical Order. 
! 
Season Runoff No ! Amount of Flow I Peak intensity I (million cu.ft.) 1 (cusocs) 
. l 
' I 
I 
i 
.1948/49 1 32 .20 4800 
2 15.48 1600 
3 l .Jl 100 
4 54.15 6450 
5 2.29 350 
6 0.97 50 
7 34.00 5650 
8 12.66 2500 
9 30.08 5500 
10 3 .27 700 
ll 6.08 GOO 
12 16.ll 1 775 
13 8.07 1800 
14 3 .26 l25 
15 1.16 50 
16 7.62 1000 
17 3. 27 300 
18 lJ.83 1600 
19 14.39 2450 
20 9.59 1200 
21 18.75 2050 
22 l4.83 1200 
23 10.46 900 
24 2.83 300 
25 28.12 JTOO 
26 41.96 2100 
27 59.08 3200 
28 
_ _53 .6]_ 3075 
499.45 
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Gamams III - Rec~rded_Floods in Chronological Order. 
Season 1Runoff No. T ~ount of Flow 
(million cu.ft.) 
------i--- ___ ,, __ _ 
! 
i 19i9/50 1 1.27 
2 0.32 
3 0.25 
4 18.20 
5 20 .20 
6 23 .13 
7 2 .39 
8 .16 
9 6.54 
10 .16 
ll 29.69 
12 27.57 
13 1.62 
14 2.l8 
15 5.94 
16 7.90 
17 1.89 
l.8 10.48 
19 5.12 
20 10.88 
21 .31 
22 8.31 
23 .58 
24 24.33 
25 5.71 
26 3.91 
27 4.14 
28 4.95 
Peak intensity. 
(cusecs) 
200 
60 
20 
3460 
2900 
3650 
130 
15 
520 
10 
1840 
5660 
100 
110 
440 
900 
150 
1640 
900 
840 
25 
1200 
40 
2400 
300 
190 
200 
900 
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··- -- · 
- -- - -
j Flo od N o~ Peak i Amount ~Amount g__ 
cusecs mil . cu . ~~ Q, I ft . 
I - -- - - --· - ·-.... . . . ----~. - - --- - - - .. . 
- - --- - ·· 
I 
57 900 7.90 13 ~-1.22 
58 900 7.62 1348.84 
59 900 5.12 1353 .96 
60 900 4.95 1358 .91 .862 .0248 
61 875 4.49 1363.40 
62 8~-0 10.88 1374.28 
63 775 16 .11 1390 .39 
64- 775 5.89 1396 .28 
65 700 7 e L~ 2 1403.70 
66 700 3.21 l i:1r06 e97 
67 G50 4.68 1<~11.65 
68 600 6.08 14-17 . 73 
69 600 4.61 l L:. 22 , 3,1. 
70 550 G.91 
' 
l <tJl . 25 .910 .0151 
71 550 7 .16 lti-38 . 41 
72 550 3.71 l f:. Llr2 , 12 
73 520 6 . 68 l .:1r48 .80 
74 520 6. 5 .:~ 1 !~ 5 5 .3 4 
75 500 4.01 l .:J. 59 . J 5 
76 500 2.93 1'1-62 . 28 
77 450 3.27 1465. 55 
78 450 2.76 1468. J l 
79 450 1.05 1469.36 
80 440 5 e9i:1r l L;.75 .30 
.937 .0121 
81 400 4- .39 1Ln9 , 69 
82 400 3 . ti-9 1483018 
83 350 2.29 ' l tr35 .47 
84 330 2 . G3 1 L~88 ,10 
85 310 3,78 1491. 88 
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! 
I I jFlood No. P eak Amount ~ Amount % F,~ ! cu.secs mil ,cu. I ft. 
j 116 100 0,86 1566.13 I 
I 
I 117 100 0 .35 1566.48 
118 75 1,80 1586.28 
119 60 0 .32 1568.60 
120 50 1.16 
I 
1569.76 .997 .0014 
121 50 0.97 ! 1570.73 
I 
122 50 0,63 1571.3 6 
I 123 50 0.37 1571.73 
124 40 0 .58 1572.31 
125 40 0,40 1572.71 
126 40 0,16 1572.87 
' 127 30 
I 
0,98 1573.85 : 
123 25 0 .31 1574.16 ' ' I I 
129 20 (). 25 1574.41 I 
I 
I 130 15 0.16 1574.57 I 
131 J 10 0,16 1574.73 I 
I 
132 10 0.07 1574.80 I +.oo 0 I I 
·-
- ·- --
Total Runoff (million cubic feet) 
1946/4-7 207.05 
1947/48 321.03 
194~/49 499.45 
1949/50 492.70 
1950/51 12.61 
1951/52 __ __!l.9 5._ 
1574.79 
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29 
30 
.3.1 
32 
33 
17.66 
15.94 
37.26 
12.14 
21.66 
34 i 14.33 , 
l l 738.96 l - -- ··---- -- - - ·--....- ..._ ., . ____________ _ 
36 
550 
820 
900 
150 
375 
1575 
Swakop_River.: Recorded Floods in Chronolo&ical Order. 
Season 1 Runoff No. Amount of flow IPeak intensity (million cu.ft.) 
i--
(cusecs) 
. 
1950/51 1 21.83 2140 
2 0.28 40 
3 4.23 500 
4 9 .43 700 
5 1.47 70 
6 7.37 350 
7 21.42 2140 
66.03 
- ---- ---·· - - - . __ L_ .. ------~ - - ··- - ~ ~ 
Swakop Ri.:y:er - Recorded Floods in Chronological Order. 
Season Runoff No. Amount of flow Peak intensity (million cu .ft.) (cusecs) 
. 
-· 
1951/52 1 10 61 • 700 
2 3 .55 560 
3 11.23 860 
4 2.06 500 
5 22.96 560 
6 39.77 1830 
7 6.71 200 
8 8.38 300 
9 5,50 500 
10 20.97 900 
131. 74 
. ' - - - - ~ - - - - --- - -·- - --- -- · ·---- -·- -
... _._ 
. - ---- - -. - . 
- ·-- - - --
I 
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::Jwako.12...B_i,_y_e_r - Rec_qrded __ l'1.?_0c11?_2.n O~der of i'lsi;n~t21.Q.~­
• lf-5-
() 1 = 3600 X 1165 ::: 86 ,300 cusecs . 
iPlood No I 
: I 
Peak 
cusecs 
Q 
1 Amount 
mil. 
cu, ' 
ft• I 
' ( 
i. Amount 
I 
i 
i '----l-
1 l 10_4_0_·0_[ .200. 20 · 1 --~- ------.;. 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
I 
I 
2G0.20 
5soo I i22.oo 322.20 
409.90 
I 
l 4700 ' 87.70 j 
4100 l 105.37 515.77 
628.48 3950 112.71 
3900 
3700 
3650 
3400 
108.89 737.37 
73.70 811.07 
46. 65 f 857. 72 
102.10 959.82 
,. 3400 35,28 
144.97 
995.10 
1140.07 I 
I 
i 
I 
I 
3300 
3150 
3000 
2900 
2600 
2550 
2500 
2450 
2250 
2200 
2140 
2140 
207:5 
1950 
1900 
1830 
1800 
1800 
26.46 
24.31 
48.69 
53 ,10 
50,20 
1166 .53 
1190.84 
1239.53 
1292.63 
1342 .83 
81.56 1424.39 
139.JO 1563.69 
145.10 1708.79 
56.25 1765.04 
21.83 1786 .87 
21.42 1808.29 
13.89 t 1822.18 
39.14 1861.32 
27.78 1889.10 
39.77 1928.87 
114. GG 2043.73 
86. 77 2130 ,50 
0.050 0.1206 
0.096 '. 0.0672 
0.122 ; 0.054 5 
0.153 0.0475 
0 .187 '. 0 .0458 
o. 219 J o .045 2 
0.241 0.0429 
0.255 ' 0.0423 
0.285 0.0392 
0.296 0.0392 
0 .339 : 0 .0383 
0.3+7 0.0365 
0 ,354 0 .0348 
t 0.369 0.0336 
0.385 0.0301 
I 
0.4001 0.0296 
i 
0.423 : 0.0290 
0. 4-66 ' 0.0284 
0 .500 ! 0 .6261 
0.525 0.0255 
0.531 0.0248 
0.538 0.0248 
0.542 0.024.0 
0, J 5L-l 0,0226 
0.560 0.0220 
0.573 0.0212 
o.6013 0.0209 
0.633 0.0209 
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j I - -· • . f 
, . I 
1
Flood.No. Peak \ Amount 
cusecs mil .cu. 
Z: Amount 
! I Q i ft. 
i~--~--··- ... ·~--- --- -~----- . ·--...\--.------..; 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
1750 
1675 
1600 
1575 
1550 
1425 
1400 
1400 
1350 
1325 
14.58 
28.20 
27.90 
14.33 
35.10 
29 .10 
19.20 
71.72 
42.39 
30.oG 
2145.08 I 
2173 .28 
2201.18 
2215.51 
2250.61 
2279.71 
2298.91 
2370 .63 
2413.02 f 
2443 .10 
1300 i 26.72 2469.82 
1250 I 22.67 2492.49 
I 120i.1 : 34.77 2527 .26 
1100 I 10 .68 , 2537 .94 
1025 I 20.(}0 2557.94 
I 
! 
1000 21.47 
1000 11.61 
1000 : 31.83 
I 
I 
I 
1000 I 28 .40 
950 ! 21.58 
900 37.26 
900 
900 
900 
860 
30.96 
20.97 
12.42 
11.23 
850 I 36 .28 
820 15.94 
300 23.12 
8UG 13.78 
750 5.46 
700 I 10.61 
2579.41 
2591.02 
2622.85 
2651.25 
2672.83 
2710.09 
2741.05 
2762.02 
2774.44 
2785.67 
2821.95 
2837.89 
2861.01 
2874.79 
2880.25 
2890.86 
0.6)8 0.0203 
0.647 0.0194 
0.683 0.0162 
0.740 0.0145 
o.816 0.0104 
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- -- -··-
Flood No. Peak Amount ~Amount Q 
cusecs mil .cu. FR a, Q ft. 
60 700 9 .43 2900.29 0.862 0.0081 
61 700 5.67 2905.96 
62 600 10.03 2915.99 
63 600 9.89 2925.88 
64 600 6.54 2932 .42 
65 560 22.96 2955.38 
66 560 3.55 2958.93 
67 550 17.66 2976.59 
68 550 8.94 2985.53 
69 550 5.01 2990.54 
70 500 16.70 3007.24 o.895 0.0058 
71 500 5.50 3012.74 
72 500 5. 23 3017.97 
73 500 4.23 3022.20 
74 500 2.66 3024.26 
75 480 13.84 3038.10 
76 475 10.50 3048~60 
77 450 20.27 3068.87 
78 450 1.82 3070~69 
79 400 34.62 3105.31 
80 400 23 .33 3128.64 0.930 0.0046 
81 400 15.26 314-3.90 
82 400 11.34 3155.24 
83 400 6.72 3161.96 
84 400 3 .93 3165 .89 
85 375 21.66 3187.55 
86 350 12.21 3199. 76 
87 350 7.37 3207.13 
88 300 13 .18 3 220 .31 
89 300 8.90 .3229.21 ~ 
90 300 8.38 3237 .59 0.961 0.0035 
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Gamams III - Recorded Floods in Chronological Order. 
I 
! Season Runoff No j Am?un~ of flow Peak intensity 
(cusecs) j I. (million cu .ft.) 
'~~~----~~~~--~~~~~~~--1~~~~~~~~-­I 
11946/47 1 0.47 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
0.07 
4.49 
5.78 
4.01 
1.85 
15.33 
8.39 
1.80 
1.95 
7.42 
1.05 
6.16 
1.65 
5.89 
0.37 
4.68 
2.76 
8.61 
2.57 
30.21 
2.83 
25.10 
16.13 
20.00 
2.93 
7.16 
13. 22 
2.20 
2.21 
225 
10 
875 
1050 
500 
100 
1325 
1200 
75 
150 
700 
450 
40 
300 
775 
50 
650 
450 
1675 
250 
3400 
275 
2600 
2300 
3550 
500 
550 
1400 
150 
200 
1400 
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Gama.E!_s__JII - Recorded Floods in Chronolo~ica_l_Ord~~-
,---· 
of Flov) /§ea son Runoff No. Amount Peak intensity. 
I (million cu.ft)j .. (cusecs) I 
' ! 
f 
·-------- ----;-
1947/48 ' 1 8.28 1775 I 
! 
2 :6.,10 1050 
} 0.63 50 
4 22 .35 5100 
5 22.01 3400 
6 36 .. 62 3200 
7 12.4], 1100 
8 17 .~8 1500 
9 7.24 1250 
10 14 .65 1550 
11. 3 • 6L:- 190 
12 2 .18 250 
13 0.40 40 
14 3 .49 400 
15 4.13 300 
16 8.72 2050 
17 J.27 450 
18 135 080 21000 
19 8.91 550 
20 
_2_00 150 
3 21.03 
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Gamams III - Recorded Floods in ChronoloGical Order. 
~~~-~~~~~~~~~~~~~~~~~-~~~~. 
! 
Season Runoff No ! Amount of Flow 
I (million cu.ft.) 
i 
Peak intensity 
(cusccs) 
.~----~~----~~~~~--~~~----~~~~~~~___.., ; 
.JL948/49 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
32 .20 
15.48 
l .Jl 
54.15 
2. 29 
0.97 
34.00 
12,66 
J0.08 
3 .27 
6,08 
16.11 
8.07 
3 .26 
1.16 
7.62 
3 .27 
lJ.83 
14.39 
9.59 
18.75 
14.83 
10.46 
2.83 
28.12 
41.96 
59.08 
_5J.6J 
499 .45 
4800 
1600 
100 
6450 
350 
50 
5650 
2500 
5500 
700 
GOO 
1800 
125 
50 
1000 
JOO 
1600 
2450 
1200 
2050 
1200 
900 
JOO 
3100 
2100 
3200 
3075 
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! 
I I jFlood No. Peak Amount ~ Amount % mil .cu. F f cusecs f( I ft. 
I 
I 
I 116 I 100 o.86 1566.lJ 
! 117 100 0 .J5 1566.48 
118 75 1.80 1586.28 
119 60 0.32 1568.60 
120 50 1.16 1569.76 .997 .0014 
121 50 0.97 1570.73 
122 50 0.63 1571.36 
l 123 50 0.37 1571.73 
124 40 0.58 1572.Jl 
125 40 0.40 1572,71 
126 40 0.16 1572.87 
1 127 JO 0.98 1573.85 
! 128 25 0 .Jl 1574.16 ' I I 
I 129 20 0.25 1574.41 
130 15 0.16 1574.57 I 
131 I 10 0.16 1574.73 I 
132 I 10 0.07 1574.80 I ~.oo 0 I I 
-
-
Total Runoff (million cubic feet) 
l9L1r6/47 207.05 
1947/48 321.03 
194~/49 499.45 
-
1949/50 492.70 
1950/51 12.61 
19 51/52 __ _jl .95-_ 
1574.79 
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r~eas::-·-1 Runoff No.: Amount of Flow 
· (million cu .ft.) 
i 
I 
I 
I 
-~-- - -·- - -1 -- - --- - - -- .. -· ' 
1943/44 l 1 
I 2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
l - ·------ --- -- ---·. ~- ...- · --· --- , -- -
! 
5.54 
18.83 
1.38 
11.31 
43.00 
27 .64 
9.48 
2.17 
0.53 
11.38 
4.93 
5.06 
1.59 
3.84 
6 .35 
1.23 
2.18 
0.78 
161.38 
51 
I 
Peale Intensity l (cusecs) 
-· -'' --·--·------1 
820 I 
1050 
4200 
150 
1300 
5600 
1200 
1500 
190 
34 
700 
130 
230 
50 
390 
450 
180 
125 
70 
I 
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Gamams III - Rec~rded Floods in Chronological Drde.~r~·~~ 
Season 'Runoff No .-r-Amount of ~~~~ ­
(million cu .ft.) Peal{ intensity. (cusecs) 
-----+- - - ·- -- - ·- --·- ·- - ·· - - - - ---- -- -
: l9J9/50 1 
2 
1.27 
0.32 
0.25 
200 
60 
20 
I 
I 
I 3 
4 
5 
6 
7 
8 
9 
10 
ll 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
18.20 
28.20 
23 .13 
2 .39 
.16 
6.54 
.16 
29 .69 
27.57 
1.62 
2.18 
5 .94 
7.90 
1.89 
10.48 
5.12 
10.88 
.31 
8 .31 
.58 
24.33 
5.71 
3.91 
4.14 
4.95 
3460 
2900 
3650 
130 
15 
520 
10 
1840 
5660 
100 
110 
440 
900 
150 
1640 
900 
840 
25 
1200 
2400 
300 
190 
200 
900 
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tr-7 
I 
-- - ---· -
I 
Flood No. i Peak Amount ~ Amount ,_ i g_ I · mil .cu. f t. ........ ' ..., QI I cusecs ' ,, i 
!---- - - - - . J ' ! 
·- -- - - ·· - -· · - .., . _ 
I • I 
- . -- -- -;----- ---..,-- - --I 27 2100 ~-1.96 996.97 .633 i .0593 I 
I 2S 2050 13.75 1015.72 .645 '. .0580 I 
I i 
! 29 2050 i.). 72 1024.44 .650 i o0-580 I , 
30 1900 21.11 1045.55 .663 ; .053 7 
! 
31 1840 29.69 1075.24 
32 1810 17 .Jl 1092.55 
33 1800 8.67 1100. 62 
34 1775 8. 28 1108.90 
35 1675 8.61 1117.51 • 708 ' .047 3 
36 1640 10.48 1127.99 
31 1600 15.48 114-3 . !;,7 
J S 1600 lJ.33 1157.JO 
39 1550 14.05 1171.J 5 
40 1500 17.88 1189.23 .755 "04-12 
41 1400 13 .22 1202.45 
42 1400 5 .77 120G.22 
43 1325 15 .33 1223. 55 
44 1250 I 7. 84 1231.39 
45 1200 14.83 1246.22 
46 1200 9.59 1255.81 
t1r 7 1200 G.39 1264.20 
48 1200 8 .31 1272. 51 
49 1100 12.43 1284.94 
5 (': . -_ 1100 7.74 1292.68 .821 I .0302 , 
I 
51 1050 G.10 1298.78 ! 
52 1050 5.78 1304. 56 
53 1000 7.62 1312 .18 
5 !. ,. 1000 G.8G 13l9 .04 
55 950 J.82 13 22. 86 
56 900 10.46 1333 .J 2 
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Gamams II - Recorded Floods in Chronological Order . 
- - -... - -- --·---·-·- -·· ----- - - -· - --- -- -- ----- -- -- ·- -·- - --·-- -
Season !Runoff No . i Amount of Flow 
. (million cu.ft.) 
1944/45 1 0.05 
2 0.08 
3 0.99 
4 0.14 
5 0.85 
6 0.43 
7 0.33 
2.87 
-· - -- . ·- - --- ------ · -· -· - -·- - - - - · -- -----·- -
Peal{ Intensity 
(cusecs) 
10 
35 
110 
15 
100 
25. 
20 
Gamams II - Recorded Floods in Chronological Order . 
- -- ··· - ·-- - - - ·-- - -·- ·---·------- - ----· - - -- . . ··-
Season ! Runoff No., AmoU.Ut of Flo~; --; - Peak Intensity · 
I (million cu.ft.) 1 (cusecs) ! 
i 
1945/46 I 1 2.52 740 
2 2.47 330 
3 22 .34 1600 
4 67.46 9000 
5 6.33 875 
6 3.27 570 
7 6.21 450 
8 1.05 150 
111.65 
i 
- - - - - - --·--- - -- - _ _ I -- - - -· -·--- - - -- - ·' - · 
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5L~ 
29 9.68 1250 
30 2 .35 350 
31 2.66 350 
32 1.39 125 
33 7.95 1000 
34 1.50 75 
35 1.55 100 
36 4.72 1100 
121.37 
i 
...1 .. . . .-.---- -
Ganiams_ II "". Recorded_ ~loo.ds. in Chronological Order. 
1 Season : Runoff No. : 
I I 
l 
, . 
l 
I 1947/48 i l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13, 
14 
15 
16 
17 
18 
19 
20 
Amount of Flow 
(million cu.ft.) 
0.79 
7.55 
4.33 
12. 4t1,, 
10.25 
11~~2 . 
2.83 
8.90 
2.25 
6.75 
2.07 
0.94 
0.32 
1.57 
1.35 
6.54 
1,74 
4.00 
2.26 
58.86 
152. 76 
- ·- - - · - - · L - . .• -- . -·--- - . .. -... -· .. . .. . - ! . 
Peal~ Intensity . 
( c.us.ecs) 
75 
1525 
650 
· 3950 
2200 
2200 
375 
800 
900 
1200 
85 
120 
40 
250 
100 
1600 
275 
900 
200 
8000 
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Gamams II - Recorded Floods in Chronological Order. 
. ·~- --- --..... ------------------·-· ·~· · ·· · -
\ Runoff Ho. 
' I 
Season J Amount of Flow~ :Peak Intensity, 
I (million cu.ft . ) (cusecs) I 
I ! - - - --
1948/49 1 ; 20 .05 : 3750 
2 ! 8.14 l 1100 
3 l 0.50 I 40 I 
I I 
I ; 
4 I 39.56 i 6000 5 1.05 50 I 
I 
6 I 26.23 5300 
7 I 5 .94 1700 
8 21.94 4550 
9 2.40 600 
10 0.22 40 
11 1.05 300 
12 2 ,13 150 
13 4.19 875 
14 2.48 900 
15 0"23 15 
16 0.20 10 
17 2.12 400 
18 0.92 50 
19 6.08 1000 
20 18.97 1700 
21 2.43 1100 
22 14-.33 1200 
23 5 .3 2 300 
24 17.44 2700 
25 13 .01 1250 
26 7.40 1200 
27 1.26 100 
28 15.22 2300 
240.87 
-----· -- -- - --- - - - -- ·· · --! ·--·- -- ------- ______ ! 
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57 
-•' 
30 3 .13 300 
31 14.75 2800 
. 
32 3.76 680 
33 1.9;. 90 
34 1.69 40 
35 0.78 40 
36 o.89 45 
37 11.76 1400 
38 1.46 90 
3,9 3.26 2~0 
40 8.18 4500 
41 95.26 5600 
42 6 .35 380 
43 11.22 1380 
309. 75 
. - ----- --
- · . -- ... - ~------
Gamams II - Recorded Floods in Chronological Order. 
. --- -·-··· ··- .. . - · · - ··- - ·· · - - · 
' -- --- ,---- - -··--
i Season \ Runoff No. 
I 
1950/511 l 
I 2 
I 3 
I 
I 
I 
I 
·1 
4 
' 
' 
Amount of- Fi~-w·- -- P~al~--·i~t~~sity. -, 
(million cu.ft.) (cusecs) I 
1.02 
1.81 
1.49 
-· .. 73 
5.05 
150 
450 
300 
l25 
!_ _ _______ _...:. _ _____ ___ _ _ , __ ..,. ___ _ _ _ 
--------- - -·-- ------·- -
G~ma~~ - ~~- -- - R~corded Floods in Chronolo~ical _Orde_;' ~-.. -· 
Season Runoff No. 
1951/52 l 
2·· 
'· 
3-
4 
5 
6 
L ----· -
Amount of Plow , Peak Intensity · 
(million cu.ft,) : (cusecs) 
2.48 
4.65 
1.70 
' ~ .27 
~-1. 72 
c.21 
17.03 
450 
600 
130 
800 
330 
100 
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Gamams II - Recorded Floods in Order Of Magnitude. 
Q
1
= 3600 )( 115•'1-S = 30,500 
,--- ·-· ' I - ·· - -~ - -;---- - - I 
I Flood No ; Peak I Amount i z Amount i' ~ ' cusecs i mil.cu. I FR Q. 1 ~---_ -900~-r 6/:; 67 .4"0-;.-060 +~~-~- ~-- i 
2 ; 8000 I 58 .86 126 .32 o .113 .262 
3 6000 I 39,56 165.88 0.148 .191 i 
4 5600 I 95.26 261.14 0,232 ,184 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
25 
26 
27 
28 
29 
I 5600 43 .oo 304 .14 
5300 
5050 
26.23 330.37 
19.98 I 350.35 
4550 ' 21.94 
4500 8.18 
4200 
3950 
3750 
3510 
3180 
2800 
2700 
2500 
18.83 
12.44 
2o.05 
13 .72 
13.81 
14.75 
17 .44 
17 .32 
2300 I 15 122 
2200 
2200 
17.02 
10.25 
2050 18.80 
1900 13.22 
1700 I 18 197 
1700 5.94 
1640 1 13 .57 
1600 ~ 22 .34 
' I 
1600 7.42 
1600 6.54 
1560 16,17 
372.29 
380.47 
399.30 
411. 74 
431.79 
445.51 
459 .32 
474.07 
491.51 
508.83 
524.05 
541.07 
551.3 2 
570.12 
583 .34 
602.31 
608.25 
621.82 
644.16 
651.58 
658.12 
674.29 
0. 271 .184 
0 .294 .17 4 
0 .312 .166 
0 .331 .149 
0.338 .1475 
0 .355 .1378 
0 .367 .1295 
0.385 .1230 
. 
0 .397 1 · .1150 
I 
0 .408 l .1044 
0.422 .0919 
0.437 .0885 
0 .453 .0820 
0.466 .0755 
0.482 .0722 
0.490 .0722 
0.508 .0672 
0 .519 .0623 
0.537 .0558 
0.541 .0558 
0.554 .0538 
0.573 
0.580 
0.585 
0,600 
.0525 
.0525 
i 
: .0525 
i 
: .0512 
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---- ·· . _ ___ .. __ . 
--
-- ·-- ·- --- -
--
I 
j Amo1:1nt Flood No I Peak ~ Amount 
I I cusecs 1 mil. I FR a I I cu. I &, 
I -· ft. I . -_l . --- . --- I I l 1-- . ' -- J I I I 
30 1525 I 7.55 681.84 0.608 I I .0500 I i 
31 1500 9. 4-8 691.3 2 0.615 .0492 I 
32 1450 6.61 697.93 0.621 .0476 
33 1400 11.76 709.69 0.632 .0460 
34 1380 11.22 720.91 0.642 .0453 
35 1300 11.31 ' 732.22 1- 0.652 .0427 
' 
36 1250 13.07 745.29 0.663 .0410 
37 1250 9.68 75tr .97 
38 1200 27. 64. 782,61 
39 1200 14.33 796.94 
,to 1200 7.40 804 .Jli-
41 1200 G.75 811.09 
.:1r2 1150 7 .29 818 .38 
13 
-r 1100 8.L'i-7 826.85 
'Vr 1100 8.14 83 1,_.99 
!~5 1100 5,34 840.3.3 0.748 .OJ61 
46 1100 4.72 845.05 
/1r 7 1100 2 .43 G4-7. 48 
48 1050 6.91 854,39 
49 1050 5,54 859. 93 
50 1000 7.95 867.SG 
51 1000 6.03 G73.96 
52 900 4.00 877.96 
53 900 2 .48 880.44 
5Lt 875 6.33 886.77 0.790 .0287 
55 875 I 4.19 890.96 
56 
.1 
820 4.16 895.12 
57 800 8.90 904.02 
58 800 6.27 910. 29 
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·- -
Amount i ~ Amount J Flood Ho Peak 
cusecs mil. J F. Q 
cu. I R. a_, 
I 
ft. , 34r ____ J - -------
113 100 l.351 1os2.v, ·· I 
100 I 119 1.26 Lo83.60 / 
' I I 12G 10(; 0.85 1084.t~5 l I I I 121 100 0.47 1084 .92 
I 122 100 0 . 21 1085.13 I 
123 90 1.9 4 1087 . 07 I 
12/;- 90 1.46 10G Li .53 I I 
125 90 1.13 1089.66 I I 
1 26 90 () . 86 1090.52 0 .971 ! 
I 
. CC Jo 
. 
I 
1 27 9G G. Gl 1091.33 
I 
128 85 I 2 . C·7 1093. 40 
129 80 1.11 1094.51 
130 eo 0.60 1095.11 
-
131 75 1.50 1096.61 
13 2 75 G.79 1097 .40 
133 70 2 . 72 1100,12 
13 4 70 1.39 1101.51 
135 70 0 .78 1102.29 0 . 98G .0023 
136 50 l, SG llOti .• 09 
137 50 1.59 1105.68 
138 50 l, C5 1106.73 
139 50 0 . 93 1107.66 I I 
140 50 0.92 1108.58 I i 
l Lt l 50 0.46 1109.04 I I 
142 45 1.02 lllG.06 I I 
143 45 o.89 1110.95 I 
14-4- 45 0. 69 1111. 6;~ o . 990 I . 001 5 
l t.t 5 45 0.58 1112.22 I I 146 40 1. 69 1113.91 I 
147 40 o. 7G 111:';- . 69 
148 40 0.50 1115.19 
1 49 40 0.32 1115.51 I 
150 40 0.30 1115 . 81 
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Flood No Peak Amount ~ Amount 
cusecs mil. 
cu. 
ft. 
151 40 0.22 1116.03 
152 35 0.54 1116.57 
153 35 0.50 1117.07 
154 35 0.08 1117.15 
155 34 0.53 1117.68 
156 30 0.32 1118.00 
157 30 0.27 1118.27 
158 25 1.04 1119.31 
159 25 0.43 1119.74 
160 25 0.32 1120.06 
161 25 0.31 1120.37 
162 20 0.43 1120.80 
163 20 0.33 1121.13 
164 20 0.25 1121.38 
165 20 0.22 1121.60 
166 15 0 .29 1121.89 
167 15 0 .23 1122.12 
168 15 0.14 1122.26 
• 
169 10 0.22 1122.48 
170 10 0.20 1122.68 
171 10 o.o5 1122.73 
Total Runoff (million cubic feet) 
1943/44 
1944/45 
1945/46 
1946/47 
1947/48 
1948/49 
1949/50 
1950/51 
1951/52 
161.38 
2.87 
111.65 
l21.37 
152.76 
240.87 
309.77 
5.05 
17.03 
1122.75 
63 
F R 
Q 
~ 
0.995 .0011 
0.998 .0007 
1.0000 .0003 
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Gamams I - Recorded Floods in Chronological Order. 
Season Runoff No Amount of Flow Pea k Intensity . (million cu.ft.) (cusecs) 
1942/43 1 8.86 1050 
2 3.00 520 
3 0.40 17 
4 1.34 145 
5 0 .31 64 
6 1.65 280 
7 0 .39 57 
8 14.28 1650 
9 5.79 600 
10 33.19 6100 
11 10.61 1900 
79.82 
1943/44 1 5.02 1060 
2 5.17 1150 
3 9.77 2800 
4 1.80 164 I 
5 6.21 1500 
6 22.90 3090 
7 22.50 1070 
8 7 .34 1450 
9 1.97 190 
10 
.58 38 
~-11 9.37 800 
12 5.02 200 
J..3 . 4.36 250 
14 1.35 49 
15 3 .35 447 
16 4.99 430 17 1.50 257 18 1.9;) 103 19 
.54 85 II;.t;7 
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Garnams I - Recorded Floods in Chronological Order. 
- -
Season Runoff No Amount of Flow Pe8.k Int(~~si ty (million cu.ft.) (cusecs) 
1946/47 1 2 .34 650 
2 3.82 375 
3 1.63 240 
4 0.94 125 
5 9.81 1275 
6 o.66 20 
7 0.98 150 
8 1.80 200 
9 0.92 300 
10 2.12 450 
ll 4.88 1250 
12 2 .69 650 
13 8.86 1900 
14 1.52 300 
15 1.46 170 
16 15.83 1300 
17 14-. 28 2200 
18 6.98 1150 
19 2 .38 600 
20 4.25 500 
21 6.90 1400 
22 0 .94 100 
23 4.81 1450 
100.80 
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Gamams I - Recorded Floods i n Chronologi~al Orter. 
I 
Season Runoff No I Amount of Flow Peak Intensity 
(million cu. ft • ) (cusecs) 
1947/48 1 4.40 1320 
2 1.96 350 
3 4.71 1100 
4 16 .75 1400 
5 2.28 500 
6 3.46 430 
7 0.39 50 
8 4 .19 850 
9 0,71 200 
10 1.60 300 
ll 1.41 200 
12 4.ll 1050 
13 1,60 200 
14 15.05 1800 
15 5 . 08 700 
16 1.10 150 
68 .80 I 
Gamams I - Recorded Floods in Chronological Order. 
Season Runoff No Amount of Flow Peak Intensity 
1948/49 1 ll. 75 2650 
2 4- . 84 600 
3 0.44 100 
4 21.39 3750 
5 0 .31 80 
6 5.50 870 
7 0.52 325 
8 8 .77 1625 
9 1.55 400 
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10 1.15 360 
11 3.14 260 
12 5.31 850 
13 2 .36 100,P 
14 2.15 450 
15 0.92 100 
16 1.05 125 
17 7.44 550 
18 3.64 440 
19 2.49 300 
20 6.65 800 
21 5.55 450 
22 1.49 240 
23 4.11 800 
102.52 
Gamams I - Recorded Floods in. Chronological Order. 
Season Runoff No Amount of Flow Peak Intensity. (million cu. ft.) (cusecs) 
1949/50 1 4.58 400 
2 8.19 1930 
· 3 9.24 1250 
4 3.59 950 
5 0.47 100 
6 2.41 220 
7 5 .55- 500 
8 4 • Llr2 1100 
9 0.21 100 
10 0.21 100 
ll 1.94 200 
12 2.38 260 
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13 0.26 160 
14 2.99 600 
15 2.28 600 
16 4.82 JOO 
17 2.88 450 
18 0 .10 50 
19 u .90 1100 
20 2.46 150 
21 0.92 100 
22 0.99 250 
23 0.73 50 
24 1.89 275 
25 8.69 1700 
26 - 0.99 300 
27 0.81 100 
28 0.52 60 
29 0.50 60 
30 0.40 60 
31 9.62 600 
32 0. 76 100 
33 1.44 200 
34 7.59 2150 
3 5 38 .14- 2650 
3 6 2.62 240 
37 6 .34 800 
150.83 
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Garnams I - Recorded Floods in Chronological Order. 
' Season Runoff No Amount of Flow Peak Intensity. ' (1:r.illion. cu.ft.) (cusecs) 
1950/51 1 1.02 150 
2 1.65 425 
3, 1.28 250 
4- .6~ 125 
4n58 
Garnams I - Recorded Floods in Chronological Order. 
Season Runoff No Amount of Flow Peak Intensity 
(million cu .ft.) (cusecs) 
1951/52 1 1.47 330 
2 3.33 470 
-3 1.87 150 
4 1.80 240 
5 1.44 300 
6 0.25 140 
10.16 
Garnams I - Recorded Floods in Order of l\/Iagnitude. 
53 sq.miles. QI = 3600 X 53 0•45 =21, 500 
Flood Ho. Peak Amount ~Amount 
cusecs mil. g_ F cu. Q, R ft. 
1 7400 52.46 0.344 52.46 0.074 
2 6100 33.19 0.285 85.65 0.121 
3 3750 21.39 0.174 107.04 0.152 
4 3090 22.90 0.144 129 .94 0.184 
5 2800 9.77 0 .130 139. 71 0.198 
6 2650 38.14 0.123 177.85 0.252 
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- ---- - -
Flood No Peak. Amount fAmount 
mil. Q, "" cusecs 
- FR cu. Q, 
ft. 
------ - - -
7 2650 11.75 0.123 189.60 0.269 
8 2200 14.28 0.102 203.88 0.288 
I 
9 2150 7.59 I 0.100 211.47 0.299 
10 1930 8 .19 0.0898 219.66 0.311 
ll 1900 10.61 0.0883 230. 27 0.326 
12 1900 8.86 0.0883 239 .13 0.339 
13 1825 8.77 0.0849 247.90 0.351 
14 1800 15.05 0.0837 262.95 0.372 
15 1700 8.69 0.0791 271.64 0.385 
16 1650 14.28 0.0768 285.92 0.405 
17 1500 6.21 0.0698 292 .13 0.415 
18 1450 7.34 0.0675 299. 47 0.424 
19 1450 4.81 0.0675 304.28 0 .432 
20 1400 16.75 0.0652 3 21.03 0. 45 5 . 
21 l!i-00 6.90 0.0652 3 27 .93 0.465 
22 1320 Lt 040 0.0615 332.33 0 .4-71 
23 1300 15.83 0.0605 348.16 0.495 
24 1275 9.81 0.0593 357.97 0.507 
25 1250 9.24 0.0582 367 .21 0.520 
26 1250 4.88 I 0.0582 372.09 0.527 I ' i 27 1150 6.98 0.0535 379.07 0.537 
28 1150 5 .17 0.0535 38L1r • 24 0 .543 
29 .. 1100 8.90 0.0512 393 .14- 0.557 
30 1100 4.71 0.0512 397.85 0.563 
31 1100 4.42 0.0512 402.~7 0.570 
32 1070 22.50 0.0498 424.77 0.601 
33 1060 5.02 0.0493 4-29. 79 0.609 
I 
' 34 1050 8.86 0.0489 4-38.65 0.622 
35 1050 Li- .11 0.0489 ~-~-2. 76 0.628 
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. 
Flood No Peak Amount zAmount 
cusecs mil. ~ 1:::: 
cu. Q, t<.. 
ft. 
-
J,6 1000 2 .36 0.0465 41~5 .12 0.630 
37 950 3.59 .. 0 .041,_2 4'-1,8. 71 0.636 
38 925 6.92 0.0430 Ll,55.63 
39 870 5.50 0.0405 461.13 
40 850 5 .Jl 0.0395 466 •L1r4 0.660 
41 850 4.19 0.0395 470.63 1 
I 42 800 9.37 0.0372 480.00 t 
i 
43 800 6.65 0.0372 486.65 
44 GOO 6 .3 4 0.0372 492.99 
45 800 4.11 0.0372 497.10 
46 700 5.08 0.0326 502.18 
47 650 3.66 0.0302 505 .8L1r 
48 650 2.69 0.0302 508.53 
49 650 2. 31,. 0.0302 510.87 
50 600 9.62 0.0279 520.49 0.736 
51 600 5.79 0 .0279 526.28 .. , 
'-·-
52 600 4 .84 0.0279 531.12 
53 600 2.99 0.0279 534.11 
54 600 2.38 0.0279 536.49 
55 600 2. 28 0.0279 538.77 
56 550 7.44 0.0256 546. 21 
57 520 3.00 0.0242 549.21 
58 520 2.50 0.0242 551.71 
59 500 4.25 0.0233 555.96 
60 500 5.55 0.0233 561. 51 0.795 
61 500 2 .. 28 0.0233 563. 79 
62 470 }.33 0.0219 567.12 
63 450 5.55 0.0210 572.67 
64 450 2.88 0.0210 575.55 
65 450 2.15 0.0210 577 ~ 70 
I 
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Flood No Peak Amount % ~Amount cusecs mil. ~ cu... I 
ft. 
66 450 2.12 0.0210 579.82 
67 447 3.35 0.0208 583 .17 
68 440 3.64 0 .. 0205 586.81 
69 LUO 4.99 0.0200 591.80 
70 430 3.46 0.0200 595.26 0.843 
71 !1-25 1.65 0.0198 596.91 
72 400 4.58 0~0186 601.49 
73 400 1.55 0.0186 603 .OLlr 
74 375 3.82 0.0175 606.86 
75 360 1.15 0.0168 608.0l 
76 350 1.96 0.0163 609.97 
77 j 330 1.47 0.015 4 611.44 
78 325 0.52 0.0151 611.96 
79 305 2.11 0.0142 614.07 
80 300 4.82 0.0140 618.89 o.876 
81 300 1.52 0.0140 620.41 
82 300 2.49 0.0140 622.90 
83 300 1.60 0.0140 624.50 
84 300 1.44 0.0140 625.94 
85 J,00 0.99 0.0140 626.93 
86 300 0 .92 0 a01 Llr0 627.85 
87 280 1.65 0.0130 6 29. 50 
-88 275 1.89 0.0128 631.,39 
89 270 1.34 0.0126 63 2. 7 3 
90 260 3 .14 0.0121 635.87 0.900 
91 260 a.38 0.0121 638.25 
92 257 1.50 0.0120 639.75 
93 250 4 .36 0.0116 644.11 
l 
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FlooCi No Peak Amount g_ ~Amount cusecs mil. F_ 
cu. Q, R 
:ft 0 
94 250 l.28 0.0116 645.39 
95 250 0.99 0.0116 646.38 
96 240 2.62 O.Oll2 649.00 
97 240 1,80 0.0112 650.80 
98 240 1.63 0.0112 _652 .,43 
99 240 1.49 O.Oll2 "653 .92 ~ I . _, -
100 220 2.41 0.0102 656.33 0.928 
101 200 5.02 0.0093 661.35 
102 200 l.9!r- 0.0093 663. 29 
103 200 1.80 000093 665.09 
104 200 1.60 0.0093 666 069 
105 200 l. L'~4 0.0093 668 .13 
106 200 1. L1rl 0.0093 069 . 54 
107 200 0.71 0.0093 670. 25 
108 190 1.97 0.0088 672.22 
109 180 0. 71 0.0084 672.93 
110 170 1.46 0.0079 I 674.39 0.955 
111 164 1.80 0.0076 I 676.19 
112 160 0.26 0~0074 676.45 
113 150 2.46 0.0070 678.gl 
ll4 150 1 .. 87 0.0070 680.78 
115 150 l.lO 0.0070 681.88 
! 
116 150 1.02 C.0070 682.90 
117 150 0.98 0.0070 683,88 
118 145 1~34 0.0067 685.22 
I I 119 140 0.25 0<0065 I 685 •. 4.7 
' 
120 125 0.94 0.0058 686 oL1rl 0.971 
121 l25 0.63 0.0058 687.04 
122 125 1.05 jo.0058 I 688,0J I 
Stellenbosch University http://scholar.sun.ac.za
75 
Flood No Peak Amount ~Amount 
cusecs mil. %- Ff'.\ cu. I ft. 
123 118 1.09 0.0055 689.18 
124 118 0.91 0.0055 690.09 
125 103 1.93 0.0048 692.02 
126 100 0.92 0.0046 692.9L1r 
127 100 0.92. 0.0046 693.86 
.. . ·. . . 
128 100 0.81 0 .OOLJ.6 694.67 
129 100 0.76 0.0046 695.43 
130 100 0 .t:-7 0 .0046 695.90 0.985 
131 100 0.21 0.0046 696.11 
132 100 0.21 0 .004.6 696 .3 2 
133 100 0 . !;.4 0.0046 696.76 
134 100 0.94 0.0046 697.70 
135 85 0.75 0.0040 698c45 
136 85 0.54 0.0040 698.99 
137 80 0 .31 0.0040 699.30 
138 68 0.10 0.0032 699.40 
139 64 0 .31 0.0030 699.71 
140 60 0.52 0.0028 700.23 0.991 
141 60 0.50 0.0028 700.73 
142 60 0. LlrO 0.0028 701.13 
lLJ-3 57 0.39 0.0026 701.52 
li:'i-4 50 0.73 0.0023 702.25 
145 50 0.39 0.0023 702.64 
146 50 0.10 0.0023 702. 7 4 
147 49 1.35 0.0023 704.09 
l~-8 40 0 .31 0.0019 70L~ 1 L1rO 
149 38 0.58 0.0018 704.98 
150 35 0 .30 0.0016 '705.28 0.998 
151 20 0.66 0.0009 705.94 
152 17 0.40 0.0008 706 .34 
153 10 0.06 Oe0005 706.40 
154 10 0.05 0.0005 706. 4-5 1.000 
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An examination ofmthe data given will reveal the:.t 
just as average annual runoff varies greatly from 
catchment to catchment, so does the frequency with 
which floods of various relative intens ity occur. 
Certain catchments yield floods of appreciable relative 
intensity more frequently than others, resulting in a 
corresponding difference in to.tal runoff. 
The following table of relative intensities corres-
ponding to ~ == 0.5 was derived from Fig . 21:-
Catchment Area Average Annual Q for ~ = -·-Runoff (inches) o, 
(page 2. 7 ) 
Swakop R;iver .209 .025 
I 
Gamams III .673 .08 
Gamams J:I .528 .o: 
Garn.ams I 
.594 .06 
It will be seen that in the instances on record 
for ~ = 0 .5 is roughly proportional to the : 
average annual runoff. This may be used as a guide 
Oo5 
where information is avai lable concerning total run~ 
off but .no gauging of flood intensities has been under-
_taken. 
In sand transportation and sedimentation problems 
it will be convenient to consider a series of equival·Jnt 
floods, all of the same peak inten::li ty, instead of t1.:..e 
full range of peak intensities occurring in yrac ""G ice. 
The author suggests that be accepted 
as the relative in.tensity of such equivalent floods, a.s 
half the total flow will consist of floods of smaller 
intensity and the other half of greater intens ity 
On page 59 of his publication, G .:B. Williams 11 
defines "probable maximum" floods as those which are 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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likely to occur not more often than once in 100 years. 
He classifies floods into the following categories:-
Interval at which floods Ratios of 
Category 
can be expected to recur Intensities 
"Freq_uent" 3 to 5 years 0.50 
.. 
"Unusual.!.'. 20 years o .s·o 
"Probable 100 years 1.00 
" lVIax ilIIUI!l11 
"Catastrophlc 
- 1.5 to 2.5 
Fig. 19 indicates that the high floods observed in 
South West Africa during the past 20 to 50 years are, 
with one exception, still somewhat below the curve 
given by G.B.Williams' formula for the Rocky Mountains, 
and that the formula could be used as a practia-al guide 
in estimating probable maxima. The detailed analysis 
of the records of four river gauges plotted in Fig.20 
gives the following informa tion of the intervals between 
the occurrence of floods of various intensities. 
Relative Interval in Years 
Intensity 
Gamams I GamamsII Gamams III Swakop 
( ~I = 1.0) 
0.50 17 2L1r 7 40 
o.so 37 63 13 75 
1.00 50 100 17 100 
··-
It should be not e cl that all thes;e values are extra-
polated and therefore somewhat indefinite. Therg is 
every indication that the curve for Gamams III has bee:n 
deflected upwards by one flood of very high intensity 
and that in the course of time a curve more consist~nt 
with those of the other catchments will reault. The 
following general conclusions can, however, be drawn:-
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(5) Sediments transported by Floods . 
In the sand storage dam at Aukeigas the total volume 
of sediments deposited in thirteen seasons amounted to 
1,102,500 cu.ft. of which 152,JOO cu.ft. are classified 
as silt anu the remaining 950,200 cu.ft. as fine sand 
with some medium and coarse sand and gravel (See page 138). 
The volume of silt transported by the river by far 
exceedecl 152,300 cu.ft. as the stage construction 
method was speciallv devised to minimise silt deposi-
tion and most of the silt was carried over the dam wall. 
The volume of fine sand with some medium and coars.e 
sand and gravel (referred to collectively as material 
coarser than silt in the discussion which follows) 
transported by the river, also exceeded the volume 
which was deposited, as an appreciable volume of such 
material was carried over the dam wall by floods 
after the complete "sanding up" of stage 2 in the 
1941/42 season. Smaller volumes were lost in this 
way in 1942/43 and 1943/44. The silt and material 
coarser than silt deposited in the dam amount to 
' 835 and 5220 cubic feet per sq_uare mile per annum 
and are eq_uivalent to a denudation of the catchment 
of .00036 and .00224 inches respectively. 
The silt survey of the Oruaondo Dam (pagef36) 
indicates a total denudation of .0153 inches per annum 
of which .0053 inches are in the form of sediment 
coarser than silt. In the Spitskoppies Dam the 
total denudation was .0185 inches per annum. 
Denudation in the small catclunent Oruaondo and Spits-
koppies was abnormally high due to overgrazing of the · 
areas after construction of the Jams. The sediment-
ation in the sand storage dam at Aukeigas on the 
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other hand represents only a portion of the denudation, 
as already explained. Denudation which may be expected 
under average conditions i~ the region concerned is 
estimated as follows:-
Total sediments 30\000 cubic feet per square mile 
per annum or .00129 inches per annum denudation. 
Material coarser than silt 7,500 cubic feet per 
SQuare mile per annum or .00032 inches per annum 
denudation. 
The averag e grain siz.e of sediments coarse r than 
sil~ deposited in stages 1 to 4 of the sand storage 
dam at Aukeigas is 0.01 inches (see table on pag e 1~3 ). 
(6) Slope of River Beds b 
5 Mueller in his publication on the principles 
underlying the regulation of river channels describes 
experiments which show that the re is a very definite 
relationship between slope of deposits on the/one hand 
and concentration, grain size , a nd flow on the other. 
He has deduced the formula, 
••••••0••••(7) 
where ai. and b2 are constants, W the weight~ of the 
sediments transported per second per unit width of 
river channel,i~ the flow per second per unit width 
of channel, D the grain size of the transported 
' material and ~ the slope of the channel. The 
experiments were conducte d with uniform rates of dis-
charge Cifo._ maintained over long periods and with 
coarse mate r ial varying in grading from i" to 2". 
As we are dealing with the much finer sediments of 
a semi-arid reg ion ancl with flood waves of short dura-
tion and pronounced peak intensity it was necessary to 
conduct a s e ries of experiments more in keeping with 
these conditions. 
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A concrete flume of t±ian,g;ular cross section was 
f rood 
constructed. The typical characteristics were repro-
/\ 
duced by allowing a vessel of capacity corresponding to 
the total volume of a flood, to discharge through an 
orifice. Carefully measured quantities of 3snd of an 
average grain size of .009 inches were added at the 
upper end of the flume and the slope of the deposits 
determined after repeated floods. A weir waa fixed 
at the lower end of the flume. By varying the crest 
level of the weir, different river bed widths could 
be achieved. (Figs.24 & 56). 
The following notation was adopted:-
~b the peak intensity of the ~'fl.odds" in cu secs 
per foot width of flume 
D
50
the average grain size of the sediment load in 
inches. 
p the weight of sediment load expressed as a per-
centage by weight bf the flow. 
~ the slope of the deposits . 
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The experiments yielded the following results:-
Dso p 
. 
Experiment No Flume width 't<b A.. 
1 6 inches .24 .009 o.8% .005 
2 8 " .18 " II .006 
3 12 .12 II ti II .006 
4 24 .06 II " .,010 
5 6 II .24 " ll~6% .009 
6 8 II .18 II 
" .010 
7 12 II .l2 ti 
" .010 
8 2·4 
" .06 
,, ti 
.011 
9 6 II .24 " 4~o% .025 
10 8 " ,18 " II .027 \ 
11 12 II .12 II 
" .028 
12 2.4 II .06 
" 
II 
.029 
·-· .. 
- · ·-· 
.. 
A formula of similar form to that derived by Mueller 
was now sought, to fit in with the results obtained. 
Dividing throughout by ~ CJ;o.."!> Mueller• s formula, 
equation (7) 
but 
where 1..,cW.r== the density of water (adopting 
the same units of weight and volume as in Wand ~ct., ) 
\ q(b J the peak intens ity per unit width of channel, 
will now be used inst ead of O/ the uniform intens-Ucv- ' 
i ty of floods adopted by r.fueller. 
The general form of the formula to be investiga-
ted can therefore be written as follows:-
••• • •••••••• ( 8) 
Stellenbosch University http://scholar.sun.ac.za
i t 
l 
0 
·o -
l 
·o 
01 
[1Afv'e for an'-\ 
~rven value 
of P Cha(ac:Jeri.!>ric.s of the G~nera! 
Curve for seciirr?ent tr'at7sportat1·on 
t ~ X, D (cJ-Ju + Xz Pr-
• 
Agreement between the formula 
and 
D50 = · o o 9 
0---
-
- 0 
- - - - 0 ~P==-:;·O _____ -
- ---- / P:=/·6 ~ ----~--L_ e -....._ _ ...._ ___ _ 
-
-- - - /Pr0·8 _ _ ....../£. _ 
0 -- - Ji).___ - - -
- -
89 
Stellenbosch University http://scholar.sun.ac.za
90 
LA and ( are constants to be determined 
from experimental results. 
The form of e.q_uation (8) is · such that by plotting 
...i. against q{b for fixed values of P, a series of curves 
of identiaal form, asymptotic to straight lines 4-:: X., P 
~ 
will be obtained. The identical portions above the 
asymptote are given by the fornru.la -1.o., =X1D( "t-Ju(Fig.25) 
A value for u equal to % was tried in keeping 
with results obtain.eel by Mueller. An irrnpection of 
the plotted experimental results showed that the dif-
ference between A.c:\. when 'ifb::. o·Ob and ~Gt. when qrb =- 0·2'+ 
should be approximately .004 with each percentage 
sediment loading tested.. 
Le •• 004 = xi( ooq)(-+S" - xi('ooq)( -+'f-)13 
- x,(ooo,)(6·52 -2·sq) 
, . x, - ·004-
- •I/ 3 
i.e. The portion of the ordinates above the 
asymptote for each of the three values of P is given 
by the curve A. Cl- -= • /13 D (..J__ )~ 
50 C[<b 
By moving this curve up and down on the plotted 
observations, the best agreement with experimental 
results and the c.orresponding height ~f the asymp-
tote above zero were found. 
For P = 0 ·B) the asymptote was found in this 
way to be A : .0025, for P -= f · 6 J -t ' .0060, 
and for P ~ 4- • 0 ) ~ = .0230. 
Plotting the above figures in the form ..to~ .t, 
against le~ P • the points were found to lie very 
nearly on the straight line lo'a' { = - 2. 48 + 1. 4 lo~ P 
,... 
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occurrence of floods tha.n in the Gum.ams Area. 
Information is available as to the quantities 
and nature of sediments yielded by catchments in this 
region (page BS ) • A total denudation of .0129 inches 
v1ith .003:2 inches in the form of sediments coarser than 
silt is expected, nso of the material coarser than 
silt being approximately 0.01 inches. 
The average allilllal runoff is assumed to be 0.5 
inches and the width of the river bed 130 fee't (J3uls-
kop Dam, Stage 3). 
The variables in equation (9) are as follows:-
p == •00~'2..X/·6 x 100 == 1.02% (specific gravity of 
sediments == 1.6 ) 
Cij b == tOSO 130 == 8 .1 cusec s/ft vvidth 
.D50 • 0.01 inches. 
Substituting in equation (9), 
J.. - .0033 x 1.02'·4- + 0.113 x. o,01x.( /
1
)\ 
= .00341 + .00028 
=- .00369 
After complete sanding up of stage 3 of Bulskop 
Dam the sediments actually assumed a slope of .0033. 
(If) (..81 Water Storage in Sediments. 
(a) Porosity. 
The porosity depends largely on the si1J.e and 
shape of grains, uniformity of grain si~e and compac-
tion. 
The porosity of freshly deposited silt may be 
very high, figures of 0.8 and 0.9 being reported for 
freshly deposited alluvium of the Mississipi delta~ 
Silt deposits become consolidated in time through 
weight of overlying IDEterial, alternate drying out 
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.010 
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Grain Porosity Specific Yield 
0.30 12% 
0.30 16% 
0.30 20% 
0.30 23% 
0.30 28% 
//g~ 2 
A,Pp.wrc;;tu.s u..sed f'or clelerO?/n/ng 
Spec/he )'/e/c/ ~ ~rn7e.;;J.b///iy . 
A .5.wne/ beo, 9' ~ e.:1c e al 
. . ~ . 
...... -. 
. . · ·.· 
..S /"/'ltt!T'r o/' - c:tJ.;:,r .s~,,... ~nol :..Vnot' //ne gr..:;> Ye/ 
C ~cr~n. 
Fig.27 illustrates the tests which the author con-
ducted to determine the specific yield of the fine sand 
of the sand 5elec.ted f,11 the PIA' pose i~ te1,bl.(IGred on 
from the :Bulsko:p Dam. The sieve annlysis,.,yage t 80 
(sample 1) The sand wa s saturated with water and then 
dropped into the cylinder, small quantities at a time. 
By this :procedure a certain amount of compaction was 
' obtained. The porosity of an undisturbed sample taken 
one foot below the surface at the end of the experiments 
was found to be 0.45. On draining the sand the first 
time a specific yield of 0.342 was measured. During 
the process of draining a cona:paction of 1.5 inches 
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occurred ( l?~ on the 12 ft. column of sand). The sand 
was again saturated with water by allowing a tap to 
drip on the surface over a prolonged period. The same 
degree of saturation_as with the initial method of 
filling was not achieved, since the measured yield in 
this case only amounted to 0.286. Ho further compac-
tion occ~ed during the second test. 
The conclusions drmvn from these tests are that 
with completely s2turated sand of tlJ_is grading o. speci~ 
fie yield of approximately 0.25 2.nd a porosity of 0.40 
can be expected. Complete saturation of deposits of 
fine sand by surface application of water is by no 
me~ns easy to achieve. 
(e) Permeability. 
The coefficients of permeability of samples of 
material taken in the bed of the Swakop River near 
Swakopnru.nd varied from h. ~ 58 feet per diem for fine 
\ 
sand to 183 for medium and 1580 for very coarse sand 
(pages 110 & lll ). Fine sands from sand . 
storage dams were found to have a permeg1)ility of only 
10 feet per diem (page l~3, samples 1 & 2). The fine 
sands in a sand storage dam are, however, interbedded 
with coarser :m.s.terial and are deposited on top of a 
river bed or an artificial filter bed of coarser 
material. The average permeability in a sand storage 
dam is therefore considerably in excess of the figure 
for fine sand, as can be seen from the following ob-
servations at the sand storage dam at Aukeigas:-
The discharge from the dam on 27.6.52 was 90 gallons 
e,n hour or 346 cubic feet 2. day, the slope of the water 
table in the direction of flow w2 s 1:300 and the cross 
section of the sediments at the dam wall 630 square feet. 
(Fig.46)As explained in Appendix~, example 7, this is a 
case of flow with receding water table and the velocity is 
actually dependant on the slope oi' the ·base of the depo-
sits which is 1:62. 
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The permeability in a horizontal direction is therefore 
given by /::z === -it ~e - i11; X. :62·~0==34 .Q feet per day. 
For a sand store.ge dam to be successful, it is not 
sufficient that the specific yield of the retained ma~: 
terial should be ade~uate. The average permen~ility 
in a horizontal direction must also be large enough 
to permit the water being extracted at the desired 
/ 
rate. 
• 
(d) Capillarity. 
The following figures are derived from a summary 
of observations of capillarity by various obbervers 
lf-given by Tolman 
Size of Sand grains 
(inches) 
.0063 
.0118 
.0197 
Sandy loam soil 
0 
.-
Extent of lift Time required to 
(inches) reach limit (days) 
19.25 171 
13 188 
11 138 
52 144 
The initial rapid drop in water level observed 
in evaporE:.tion experiments (page / l/-L ) is due to the 
cornbined effect of capillarity and evaporation. 
--------.II 
r. ~ Obs:~t·1 
. . : . . .. c. . . . .' . . . . . ~~:~:=·.-.s .. ~d-
.· .. · .' ." • · . ·: '. II . : : · . · · . .' 
tube I Observation tube 
!A e. 
thro(.(qh ev"po r"a tr on 
------------ -- ----
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I I ~ 27%. Columns of the same sand 1 foot 
and less in height will not yield water by gravity. 
If the sand~~: body were of the form of 2"n inverted 
pyramid as in a sand storage dam, and only the upper 
11 feet of a total depth of 12 feet were drained, 
there will be very little difference between t lie true 
specific yield of the material and the apparent speci-
fic yield, since the lower 1 foot only contains ,;28 
of the total vvs,ter content, cmnpared wi tb -firh in 
the cylindrical container. 
(e) EvQporation Losses. 
In addition to the climatic factors the properties 
of the sand have to be considered. Gapillari ty and 
permeability affect the rate of evapor2tion. Van 
'). 
Reenen ·- gives the following information on evaporation:-
"SandJ such as that usunlly found in the river beds of 
South West Afric a does not favour the capillary move-
m.ent of W2.ter in an upw2, rd direction against grElvi ty 7 
and when once the level of the under~round water on 
the upstre2m side of the "ground-sill" commences to 
fall, a mulch of dry sand i through which vei~y little 
evsrJora tion can tEJ..ke ple..ce is soon formed". V2-n Reenen 
quotes the following comments by Widtso 9 6 on certain 
experiments with evaporation fror'.l soil:- "The rapid 
ev2poration due to arid conditions so dried out the top 
soil that the lo ss of water in one ye nr was o~ly lle2 
inches as against 51.6 inches for a similar soil under 
humid conditions which permitted a slow but steo.dy 
' • 11 evaporci..-cion. Widtsoe 1 s explanation for this pheno-
menon is that 11 the top soil (under 2,rid conditions) 
is dried out so rapidly that the lower soil 12yers 
cannot send moisture upwards in time to supply the loss, 
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Under such conditions the evaporation is automatically 
deG?reased. 'l_1he top dry soil thus induc ed i s an effect-
ive. check upon the upwr~rd movement of the vvater." 
If water is stored in fine sand the high c2pillari-
ty of the sand will bring about an initial high rate of 
evaporation, thereafter however, the low perme2bility 
will assist in forming an effective protection of dry 
sand above the capillary fringe. With coarse sand the 
capilla ry fringe will b e only slightly above the water 
te'.ble but due to the gre 8.t e r permeability a gre:::i,ter 
thickness of dry sand will be required to afford 
effective protection against ev2poration. 
In the st2ge construction dams described in cbap-
ters 4 and 5 , the materie,l at the surfnce of 2,ny parti-
cular stage is co a rser than t hat deposited lower down, 
a 
resulting:. in,\reduction in capill2ry ris2 to the surface. 
Horizontal layers of silt, not necessarily continuous, 
are interbedded with the s:::~nd in the lower port ion of 
the stage resulting in o. reduction of permeability in 
a vertical direction. Thes e conditions all tend to 
reduce evQporation losses. 
To arrive at a basis of estimating evapor2t ion 
losses from water stored in sand the ~uthor has under-
taken the following experiments a nd analyse s: -
(i) Determina tion of moisture loss by we ighing:--
A cylinder six inches in diameter and eight inches 
high was filled vvith dry sand, moderately compc:.c ted. 
Materi2.l from the Bulskop Dam was used (Sample l,page 180 ) 
The sand was satura ted with vmter and the cylinder 
pla ced in an exposed posicion in the sun. The amount 
of w2.ter in the se,nd at any instant was determined by 
weighing the cylinder o.nd subtre,cting the known dry weight. 
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The following results were obtained:-
Time 
Average water content 
expressed as percentage 
\ by volume . 
I~!~iu~~condition 40% 
aftQr 0,5 dttys 36% 
" 1.5 
II 28% 
II 2.5 II 22% 
II 3,5 Ii 17% 
II 4,5 II 12~6 
II 5. 5 II 9% 
II 9.5 11 7% 
11 27. 5 II 4% 
---
100 
Rcte of evapora-
tion expre::rned 
in feet of water 
per month (Slope 
of wcter cont:cnt-
time curve) 
2.2feet 
1.7 II 
' ? 
-1... \I',_ II 
1.1 It 
1.0 II 
0.9 II 
0.3 II 
0.1 II 
0 .. 05 11 
(ii) Lowering of water table due to evaporation. 
The apparatus 'used in determining specific yield was 
modified as shown in Fi0.29. 
• ·, I ~ • 
. . 
. . . . 
. .. ~ . . 
- ' . ,, ' t ;.,t~ma 
. . . 
. - ' 
. ' . 
Evaporation Tube 
. . . ' 
' ' . 
. . 
' - . 
. J\1==>:(==: =.! 
I 
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As the diameter of the indicntor tube (Fig.29) .was 
small compared with that of the tube containing sa-
turated sand, the water table was lowered by an nmount 
equal to the capillary rise, very rapidly. There-
after the weighing tests just described would predict a 
decline in water table at an initial rate of '£/= =5 .5 
feet per month. ( n =porosity of the sand= 0.4). 
When the water t able is lowered to such an extent 
that the sand near the surface contains about 7% by 
volume of moisture a rate of lowering of the water 
O•/ table by -r,- = 0.25 feet per month would be expected 
in accordance with the weighing tests. 
The test with the apparatus shown in Fig.29 
filled with typical sand from a sand stor~ge dam, 
showed 2.. lowering of water table of 1 foot after 4 days, 
2 feet after 10 days and J feet after about 40 days 
(Fig. 4 7) • 
The top of the sand tube was in the sun and the remain-
der in the shade. 
2 p.m. every day. 
Water 12vel readings were taken at 
The initial rate of lowering of 
the water table was approximately 8 feet/month, de-
clining to almost zero in 40 days . It was found that 
the water level in the indicator tube was subject to 
fluctuations due to changes in temperature. At 2 p.m. 
on the first day the w~ter level in the tube was at 
zero, i.e. at the level of the top of the stand pipe. 
O\l"ernight it dropped to 18 inches · below zero to return 
to 3 inches below zero by 2 p .m. the next day. 
Fluctuations also occurred on subsequent days. As 
the water table dropped the daily fluctuations became 
. less, amounting to 4 to 6 inches for the greater psrt 
of the experiment. Daily temperature variations are 
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responsible for these fluctuations (expansion and con-
traction of the water and changes in surface tension). 
Similar fluctuations are not observed in \Vells in 
sand storQge d8ms, no doubt due to S:m.8..ller vnriations 
in temperature with the larger body of water. Due to 
the temperature fluctuations to which the apparatus 
ws.s subjected, too much reliance should not be placed 
on the wnter level observ3.tions in the ind.ice,-Cor tube. 
The water table in the stand pipe (Fig 29) was 
lowered to 3 1 6 11 below surface after almost two yeo.rs. 
No measurable rise in the water table due to rainfall 
occurred at any time in the intervening period. The 
lowering of the water table at the end of the experi-
ment was measured first in the indicntor tube (measure-
ment 3' 9~- 11 at 2 p .m. and was then checked by excavating 
the sand down to the water table (3 1 6 11 ) . T~e latter 
figure is considered the more accurate and is taken as 
an indication of the limit to which the water table in 
fine sand will be lowered by evaporation over a pro~ 
longed period. 
::.a.id filleJ evapou-.r101") tc1nk buried in the 
Similar results were obtained by means of aAsand 
stornge dam 2.t Aukeigo.s. The initial rate of lowering 
of the water table was 5 feet per month and the rnte 
became negligible after the water table had receded to 
2 1 6 11 below the surface.(Fig.47) 
In the sand storage dam at Aukeigas water table 
observations during 1942 showed a decline e..t the do.m 
wall of three feet in 60 days, due to evaporation and 
extraction. The .extraction in this dam was 2.ccurately 
determined by gauging as described on page 139. 
lY'lDking due 2.llowance for extraction it was deduced the.t 
evapor2.tion s.lone was at the rRte of approximately 3 ft. 
in SO days and that evaporation below the 3 feet level 
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was negligible (Fig 47). The causes for the difference 
between the rate of evaporation observed in experiments 
and under field conditions to be found in the more 
effect"ive self-mulching of the sand as deposited in 
sta5es by flowing water (effect of silt layers etc) in 
the lovrer temperatures of the larger ground w2.ter bodies 
~nd in the presence of coarse sand in the upper portion 
of the sand reservoir. 
Fig .tn gives complete data collected by the various 
methods in a form convenient for comp2rison of results. 
Sumn1ing up the evidence, it would appear safe to 
assume the following when assessing the storac;e efficien-
cy of sand reservoirs:-
If there is no extraction the lowering of the water 
table is at the rate of 3 ft. in 90 days. Evaporation 
from the saturated zone stops for practical purposes 
when the water thble has receded three feet below the 
surface of the sand. Further recession of the water 
table is due to extraction alone but the drying out 
of the moisture above the capillary fringe continues 
up to a depth of 3 feet below the surface of the sand 
and then also stops for all practical purposes. 
(8) Evapo~tj...2.::YJ. in Open_Storage Reservoirs. 
Evaporation from open water depends (a) upon the 
prevailing climate conditions (relative Humidity, 
temparature of water and air, wind velocities etc.) 
and (b) upon the size of the body of water and the nature 
of the surrow.1.ding topography. Analysis of available 
reservoir depletion data is considered the most prac-
tical approach to tho prqblem of estimating evaporation 
los8es. 
From Fig.12 it will be seen that during two periods, 
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each of about 3 to 4 years duration, no water was 
drawn of from Avis Dam. The decline in water level 
during these periods was therefore entirely due to 
evaporation and seepage; and has been analysed as 
follows:-
First period. (Dam nearly empty) 
Year 1st Quarter 2nd Quarter 3rd Quarter 4th Quarter 
1937 1.7 ft. 1.8 ft. 
1938 1.6 ft. 1.2 ft. 1.7 ft. 1.4 ft. 
1939 1.5 ft. 1.5 ft. 1.6 ft. 1.8 ft. 
1940 2.2 ft. 1.9 ft. 2.1 ft. 2.1 ft. 
1941 2.0 ft. 1.4 ft. 2.1 ft. ? 
Average 1.82 ft. 1.50 ft. 1.85 ft. 1.78 ft. 
i.e average 6.95 ft. per annum. 
Second period. (Dam about half full, water level 
fluctuating above and below 15 feet over outlet pipe). 
Year 1st Quarter 2nd Quarter 3rd Quarter 4th Quarter 
1947 1.4 ft. 2.0 ft. 2.6 ft. 
1948 ? 2.4 ft. 2.0 ft. 2.4 ft. 
1949 ? 2.0 ft. 2.0 ft. 
Average ? 1.93 ft. 2.0 ft. 2.5 ft . 
The record is incomplete in respect of the first 
quarter as iunoff occurred in most of the intervals 
between water level observations during these months. 
The record of the first period, however, shows that 
evaporation of approximately equal order of magnitude 
can be expected in the 1st and 4th quarters. It will 
therefore be assumed. that with the wat~r level at 
approximately 15 feet over outlet pipe, the decline 
in water level will be as follows:-
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1st Quarter 2.5 ft. 
2nd Quarter 2.0 ft. 
3rd Quarter 2.0 ft. 
4th Quarter 2.5 ft. 
Total for year 9.0 ft. 
During low stages (first period referred to above) 
only negligible seepage takes place, as the lower por-
tion of the reservoir has been rendered practically wa-
tertight by deposits of fihe silt. The annual decline 
in water table of 6.95 feet or 7 feet in round figures 
will be assumed to be due to evaporation alone. 
If this assumption is correct the water losses 
when the dam is half full will amount 7 feet evapora-
tion and 2 feet seepage per annum, making up the to-
tal observed depletion of 9 feet per annum. From the 
capacity curve of the dam it is found that the corre~ 
spending seepage discharge will amount to 3700 gallons 
an hour, a figure which can unfortunately not be veri-
fied by gauging as it is apparent that a considerable 
portion of the seepage of this dam is transpired by 
vegetation or discharged into waterbearing strata. 
The depletion curves of Otjimahona Dam (Fig.13) 
afforded a further opportunity of determining the 
annual evaporation from an open storage basin. Draw-
off was assumed to be 200,000 cu.ft . per annum (400 
head of cattle) and depletion was computed in accord-
ance with equation (2) for annual evaporation of 7,8 
and 9 feet. The computed depletion curves were plot-
ted on the chart of observed depletion (Fig,13). By 
comparing computed and actual depletion it is con-
cluded that evaporation and seepage losses in this dam 
amount to about 7.5 feet. As this is a particularly 
well constructed dam in a region of dense mica schist 
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rock (Fig.6). the depletion of 7.5 feet is considered 
to be due to evaporation alone. 
In planning new reservoirs in this region at 
reasonably impervious sites an assumed rate of 9 fe et 
per annum for evaporation and seepage is suggested, 
so as to make ample provision for possible seepage 
losses. 
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CHAPTER 3. 
NATURAL :&:n SAND RESERVOIRS. 
(l)Water Movement in Natural Sand Reservoirs. 
Sandy river beds with no surface flow, «~c.ept 
in flood seasons, are a conunon feature of semi-
arid regions. As already indicated , the water 
stored in sand is frequently an important source 
of supply. The most universal cause of natural 
sand reservoirs would appear to be erosion of , 
valleys in a humid geological period and subse-
quent sand deposition in. a less humid period , 
during which rivers are unable to cope with the 
sediment load. Systematic trial boring in river 
beds in such instances will reveal the original 
river course, buried beneath the sand. 
The following sketch illustrates the ~uthor's 
conception of a natural sand reservoir and the posi-
tion where open water occurs and where the first 
wells are usually brought down. In this example, 
all the water will eventually drain away in a drought 
of sufficient duration. The retention of water 
from one flood season to the next is due to the 
frictional resistance to flow through sand and not 
to the presence of any positive underground rock 
bli!rrier extending above the normal rock level 
I 
A-
Secl!on <¥/.o~ Nc9/u/l:51/ 
S01nd ResePvo1;n . 
L _____ _ 
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A brief description of a number of natural sand 
reservoirs follows:-
The sand bed of the Omaruru River at Omaruru. varies 
in width from 200 to 1000 feet. The slope of the sand 
is approximately 1:280. The grading varies from medium 
grained granitic sand at the surface to coarse granitic 
sand at the base with D50 approximately fo-th. of an 
inch. At Omburo about 18 miles upstream of Omaruru 
the river bed consists of exposed rock throughout. 
Between Omburo and Omaruru the river bed consists of 
granitic sand but no information is available about 
rock levels as the existing wells are not taken down 
to rock. At the upper end of the town of Omaruru a 
complete cross section of the river was determined by 
trial boreholes. The sand fills a V-shaped valley 
and is 38 feet deep at the deepest point. The width 
of the sand fill at the top is just over 1000 feet. 
The existing town wells are at the side of the valley 
and are 10, 14.1 and 17.3 feet deep,respec t ively. The 
c..t 
wells are drawn uponAa co~hined rate of 200,000 gallons 
a day in summer and this supply can be mainta ined except 
after very poor rainy seasons. The site of the present 
pumping scheme is equivalent to section B in Fig.JO. At 
the lower end of the town (section A) 7800 feet down-
stream of B the river bed narrows down abruptly to 200 
feet in width with a sand filling 20 feet deep. The 
supply can be rendered more permanent by sinking wells 
in the deepest portions of cross sections. A tube well 
was recently sunk for this purpose at a point 7000 feet 
downstream of B where the width of the sand fill is still 
approximately 400 feet. The slope of the river between 
of 
the old and the new wells is 1:280 and the deepest point i\ 
of the rock.bed 1:1000. 
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The lo•· tles of the course of the Swakop 
RiveY' · f considerable depth. The 
_,..,/ coast have... been explored by 
tl (Figs. 32 & 41). The 
-belo1 
deep, 
most pe1 
very poor 
\J\ ~ 
~ e 
water short,-.:::r-
~ ~ 1" ~· 
is complicate "t, :;., 
~-­dealt with in L"' ~ 
-i:::. ":I" 
Fig.31 show.\~ 
-i:::. ~ 
through the Okahar, ~ "'"-
~ 
by 13 trial boreholt ~ 
slope 
and has a surface of 
/\ 
gether permanent supply 
obtained from wells vary~ 
feet next to the pump hous, 
ections have been tested 
The ground water flow is 
_ water table connot drop 
1.1\ 
0 
c ...... i:; well, only ten feet 
"' 
" 
_. has yielded an al-
1
.lons a day. After 
'1.ere has been a 
\ 
he supply here 
1. and will be 
tion 
'Vealed 
origin 
o-
,.,/ 
~/wells, 
shown in Fig.31, were devel 
in the river section and submc. 
~ st point 
~Le pumps installed. 
In 1950 the town consumption had risen to 132,000 
gallons a day. Although there has been very little 
flow in the river since 1950 no water shortage has been 
experienced. The water table at present (August 1952) 
is approximately 14 feet below the surface. 
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The region A in Fig.JO illustrates a very common 
cause of high ground water table namely shallow rock 
level , accompanied by narrowing of the river bed. Clay 
deposits at bends or junctions may also give rise to 
Shallow ground water tables. Where a river with coarse 
deposits joins one with finer sand, the latter will act 
as a partial ground water barrier, causing a shallow 
water table where the coarser deposits end, 
As resistance to flow is a governing factor, it 
will be necessary in an investigation of sand storage 
scheme to determine the permeability of the sediJ11ents 
which store the water. 
The full cross section of the river bed must be 
explored by trial boreholes and the permeabili~y of 
samples taken at various depths determined in accord-
ance with the method set out in Chapter 7. 
Figo32 shows the cross s ection of the Swakop 
River at a proposed pump station two miles from Swakop~ 
mund. It will be seen that the material could be clas-
sified into three grades, fine sand, medium sand and 
very coarse sand occupying 1360, 2200 and 4210 square 
feet,respectively. 
The permeability of typical samples from. 'the 
three zones was tested with the following results:-
Fine Sand:-
Sample 1. k = 63 feet per cliem 
2 k = 55 " II II 
3 h = -21.. " 11 II 
Average 58 II II " 
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Medium Sand'-
Sample 1. At 120 feet per diem 
2. k, 190 " II II 
3 • 1z == 238 " II " 
Average 183 11 II 11 
Very Coarse Sand:-
Sample 1 M., == 1320 feet per diem 
2. At == 1210 " " II 
3 • ~ 2200 II " " 
Average 1580 " II " 
h9 312. 
61ualilf o/'S<Jncl t!? #Q/'er Sw-aA'o;0 !P1/rer 
A' ,·1¥r B~a 
,I/a ,.,,,./al 
auc/ilfi 
o, /ft.In• g,., /9$11 
~ 8 3 
/ ri9ur1s .~onro~rs"'' .indirat"t! 
!'oral d/.ss"/"ed sol/o's;,, ~a,.16_9 
/' ",... 10~ ooo..J 
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The slope of the river bed at the site is 1:300. 
The effective velocities of flow as used in Darcy's 
formula are, therefore, 0.19, 0.61 and 5.27 feet per 
diem for each of the three classes of material,res:pect-
ively. :Multiplying the effective velocities by corres-
ponding cross sectional areas, the following rates of 
seepage flow with water table at river bed level are 
found:-
Fine sand, 258 cubic feet per diem, 
Medium sand, 1, 3 43 " 11 " " · 
Very coarse sand,22,200 II " II " 
Total 23,801 II 11 II II 
or 143,000 gallons per diem. 
The lowest water level observed at this site after 
the river had not flown for two rainy seasons was 14 ft. 
below river bed level (August 1952). Assuming a further 
drop to 16 feet before the first floods, the minimum 
seepage flow will be 2176 (saturated area in square feet) 
X 5.27 (effective velocity) m 11,470 cubic feet per 
diem= 71,700 gallons per diem. Should the river be 
without runoff for three years in succession the rate 
of seepage will be reduced w.till further; but it is 
unlikely that such a succession will occur. In order 
to dam up some of the excess ground water flow during 
periods when a surplus is available and to prevent 
seepage past the site during times of deficiency a 
ground water cutoff consisting of steel sheet piling will 
be provided downstream of the proposed pump station. 
(2) Water Extraction by means of Tube Wells. 
The problem of tapping the river cross section 
shown in Fig.32 by means of tube wells will now be con-
sidered. 
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'+ The forni:u.la developed by Dupuit for flow towards 
a tube well is 
if h. (-D2. - d') 
9J = 2 • 3 ,e0 J-'10 ~ 
where r = the radius of the well. 
R = the radius of the circle of influence. 
within which the ground water has bee:n 
lowered by pumping. 
d = the depth of water at the tube well. 
J) = the depth of water at and beyond the 
circle of influence . 
~ = coefficient of permeability in a hori-
zontal direction, since Dupuit's ana-
lysis assumes horizontal flow. 
Cf> = yield of the tube well in cu.ft.per day. 
An average value of M for the full cross section 
of the river will be deduced from the data that 23,800 
cubic feet of seepage were yielded by the full cross. 
sectional area of 7770 sq. feet with the slope of the 
water table 1:300. i.e Average value of At= 2/~0°~ X300 = 
920 ft. a day. 
With an extraction of 150,000 gallons a day (24,000 
cubic feet a day) the lowering of the water table will 
be given by 
.D~ - di -
With an extractbn of 100 7000 gallons a day (16,000 
cubic feet a day) the lowering of the water tabJe will 
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Yerl..f CoC\r.se 
Len'jth of seepage 
5e9ment path ,{ (feet) 
't ·O 
5·0 
1-0 
9·5 
5 8·0 
6 't·O 
7 2 ·2.. 
To ta I lo.s ~ of 
A s..surned over~~e path 
of flow ( appt'OX. half 
of tot<AI flow to either 
side) 
Areq tn:in~ver5e 
to flow Q ( !>q. ft) 
5050 
5 I 0 0 
Sl50 
3 O I 't 
l~S 
.300 
II 8 
h~ad f rol"l1 surfcu ..e 
h. (it; da'i) 
58 
I B ~ 
1580 
" 
• 
II 
.. 
to envelope = 
Loy, of head 
.t h "' Q1i" ct' 
O· 0000 I 3 7 'ff 
0 · 000 0 OS "t 't 
O·OOO 000 8 'if 
0 . 00 0 0 0 l 0 'fr 
0 . 00 0 0 0 6 't '1l"" 
0·000 008 4- <tr 
o·ooo o I I B 'if 
O·OOOO't85't 
'1 = 1580 
Lo~~ of head with tL4be 
we//:;, .so ~pa( ecJ that each 
c..ommQr-tds u radt'-45 of lt-0 feet 
Stellenbosch University http://scholar.sun.ac.za
117 
The gravel envelope, designed in accordance with 
the principles laid down on page 150., will. consist of 
material which will pass through a ~ inch mesh sieve and 
will be retained on a i inch mesh sieve. The loss of 
head due to seepage through material of this grading 
will be negligible. 
The tube well itself will be constructed of 6 inch 
asbest-cement tubing with 1720 holes i inch in diameter, 
giving a total area of perforations equal to three times 
the cross sectional area of the tube. With a porosity 
of the gravel envelope equal to !, the area of unob-
structed perforations may be taken as being equal to 
the area of the tube. If 'lft is the velocity of flow 
in the tube or through unobstructed per~orations, 
of 1 'lf ) :z. then the lossAhead at entrance may be taken as~(C.t 
where C = the coefficient of discharge, say 0 .6. 
:;: 1Tx o.25'i 
l 
3500 ft/sec. 
= co 17000 ft/sec. 
Loss of head at entrance = f; ( 1f )Z. 
-<- J I 7 000 >( 0 • {, 
-! cy )2.. 
~ ro1; so o 
With ~ = 16000 cu.ft ./day (100,000 gallons/day) 
Loss of head at entrance = 0.039 feet. 
The tube wells were purposely designed for very 
low friction losses so as to obtain as great a flow 
as · possible with small loss of head (page /2 7 ) • 
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(3) The Brack Water Problem. 
The gJ;"ound waters of rivers in certain regions are 
higl'l in total dissolved solids. In humid and semi-arid 
regions high salt content only occurs un6er unfavourLlblc 
geo:j_ogical conditions. Granite areas in such regions 
are usually known for their su1)plies of soft water. In 
arid regions, however, high salt content occurs in. 
most sand rivers~ even in granite are2s. 
The following map and schedule illustrate the track 
water problem at a number of points in the lower reaches 
of the Omaruru, Swakop and Kuiseb Rive::."' Beds. The aver-· 
age annual rainfall in the area covered by the map va:cie s 
fror.1 1 inch at the coast to 6 inches near Usakos. 
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. I Locality Sample Date Total t Analyst Remarks 
Symbol on dis sol-
Map No ved so-
lids. I 
a 17 July'50 
-
2000 H I 
l 
I 
b 1 25.9'48 18,040 G Water from shallow 
well near centre of 
river.There was 
still upen seepage 
water in the river 
at this point and 
evaporation may 
account for the . 
high saline content. 
I 
c 1 Nfarch•.45 2640 G 
2 10 • 6 •I 49 2400 S.A.R. 
Concrete cylinder 
3 17 .8 .49 2270 S.A.R. in river bed -
4 20.9.49 2300 
S.A.R.water supply. 
S.A.R. 
5 25.11.49 2300 S .A .R. 
d 1 l\lfarch' 45 3100 G Farm water supply 
<Je 1 25.9.48 700 G Low rate of extrac-
tion-drinking water 
only. Other vrells at 
Goanikontes more 
saline. 
f 1 Oct.49 2020 G Seepage ditch draw-
ing the upper ground 
water from the river 
bed . 
2 !Oct. 49 2710 G Well partly fed by 
seepage ditch. He~vy 
extraction. 
g 1 Sept.49 3150 G Hand pump. 
h 1 23.6.22 507 G Exploratory tube 
wells at various 
2 23.6.22 821 G lJOints at Rooibank. 
3 23.6.22 1561 G 
Water table at 0 to 
3 ft; but samples 
4 24.6.22 1817 
taken at lOft. 
G Sample 1 taken near 
5 24.6.22 3840 
left bank of river 
G where water table 
was well below sur-
face anc.1 sample 5 
near right bank where 
open water occurs • 
• 
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Locality Sample Date Total Analyst Remarks 
Symbol on dissolved 
Map 
h 
i 
j 
k 
1 
- - ---
No solids 
---- ·-
6 25.9.48. 860 G Town Supply from 
Concrete cylinder 
at Rooibank.Same 
site as sample lo 
1 Oct.49 880 G Concrete cylinder I 
in Khan River. Tow::-
Water Supply. 
1 Oct.49 940 G Fresh water sup:pl:,r 
at coast used by 
cam1rnrs. 
1 Oct.49 1700 G Irrigation well. 
1 11.10.47 750 G Concrete Cylinder ? 
14 ft. deep. 
2 11.10.47 1000 G I Exploratory tube 
well, 40 ft. deep .I 
. I 
Note: G denotes analysis by Government Laboratory, 
H by Hansa Brewery, M - miscellaneous and S.A.R. South 
African RBilway Laboratory. 
An examination of all available data has lead to the 
following conclusions:-
1). Shortly aft er floods, water in shallow wells such 
as the existing municipal well at Swakopmund improves 
in quality but towards the end of the dry season the 
water is again highly mineralised. Apart from these 
Eeasonal effects the records of the municipal well at 
Swukopmu.nd indicate a gradual deterioration from season 
to season during the period 1935 to 1948. The excep-
tional nature of the 1934 floods may be a possible 
explanation but the ever increasing ccr.sum:ption may 
have been the cause of the deterioration by drawing in 
more highly mineralised water from lower levels. 
2). Attempts to obtain fresh water by drawing only the 
top layers as at Palmenhorst (Fig.35) will not neces-
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sarily meet with success. The worst water sampled in 
these rivers was taken from a shallow well near the 
centre of the river bed (locality bin table). In 
general, however, deterioration in the quality of the 
water with increase in depth below river bed is expected. 
See section through the Svvakop River two miles from the 
coast (Fig.32). 
3) Runoff or seepage from the arid and desert regions 
would appear to be the primary cause of bad quality. 
The owner of the farm Palmenhorst, for in~Jtance, re-
ported that an exceptional downpour occurred north of 
his farm in March 1949, causing one of the sandy tri-
butaries of the Swakop River to flow. Extremely brack 
seepage percolated after the flood, killing prosopis 
trees (mesquite) which grew on the river edge at the 
confluence with the Swakop River. The sandy beds of 
tributaries have been observed to contain bands of 
rock salt (e.g. the tributary entering from the south 
at Husab). Weak springs with impotable salt water occur 
in some of the tributary valleys of the Khan, Swakop 
and O:rnaruru Rivers chiefly in the longitudes between 
Usakos and Palmenhorst. Further west the extremely 
low rainfall does not favour the occurrence of springs. 
Summing up, the region east of the longitude of 
Usakos is without a serious brack water problem and it 
is suspected that most of the salt content is brought 
into the river in the arid region between the longitudes 
of Usakos and Palmenhorst. The contribution to the 
salt content by the desert region west of Palmenhorst 
is expected to be less due to the low rainfall, which 
is seldom strong enough to produce runoff and infilt-
ration. 
Stellenbosch University http://scholar.sun.ac.za
124 
4) . Floods in the main river are clearly the cause of 
improvement in quality. Consideration should be given 
to measures which will bring about a more effective 
mixing of fresh and br~ck water during floods or better 
still the ejection of brack water and infiltration of 
fresh water. 
Fig .J 5. 
Fig .J C. 
Palmenhorst . Seepage ditch in the bed of the S~akop 
River and pumped irrigation supply, illustracing the 
method employed by the owner, Nir . Poser, for draw-
ing the upper seepage water for distribution to his 
la~ds. 
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(4) Dilution of River Seepage during Floods by means 
of an interconnected System of Tube Wells. 
Fig.39 illustrates the proposed system which will 
operate automatically as a result of the difference 
in head between the upper and lower gr~ups of tube wells. 
'Wvd Wo t...t 
"" 5 lopL I : 30 0 
600 
Pia ti. 
F/g . 39. 
On the average the flow from the upper tube wells 
passes through the equivalent of 80 feet of 6 inch 
piping, then through 800 feet of 12 inch main, again 
through an equivalent of 80 feet of 6 ·. inch piping and 
finally through the perforations of the lower group of 
tube wells. 
The average difference of head causing flow is 
500 ~00 ::::: 2.67 feet. 
Losses of head are as follows:-
FrieiI·tion loss in sand from surfac.·e to perforations 
of upper group of tube wells plus a similar loss be-
tween perforations of lower group of tube wells and 
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surface of sand. From Fig.33 ~t follows that this 
loss in head :::: 2 X .0000485 '{) = .000097 % 
Entrance and exit losses at tube wells 
( CV )2 
== ~ 'fr )2 2x(81
1 
500 
= .078 /6 oOO (page 111 ) . 
Friction loss due to a flow 15 through 160 fe et 
of 6 inch class C everite piping = 0.12 feet for a 
flow of 16,000 cubic feet a day or in general 
O•J Z (_jr __ )i. l 16 ooo /4-according to the Everite Catalogue 
Similarly the friction loss due to a flow of 12%' 
through 800 f eet of 12 inch piping = 2 .o (lb J(oo r-
The total st8tic head of 2.67 feet will there-
fore be accounted for as follows:-
Friction in sand 0.000097Cfr ~ 
Entrance and exit losses 0 .078 (,Gtoo) 
Pipe friction losses 6 inch 0 .12(16~0 0 ) 2. 
11 II 
" 12 II 2 .o (-,6 qJoo yz 
( 
q )2. i.e. 2.67 == 0.000097 '15' + 2.3 16 Coo 
The solution of this quadratic equation is 
i = 12700 cu.ft./day 
i.e. 12 't = 152,400 cu.ft./day 
Therefore the estimated natural seepage flovr of the river 
of 23,800 cubic fe et a day (page llL ) will be mixed 
with 128,600 cubic feet of fresh water to result in a 
total flow of 152,400 cubic feet a day ir! the 12 inch 
connecting pipe. If the average salt content of the 
river seepage is 500 parts in 100,000 the s ci.lt content 
in the connecting tube will be 23,800 i. 500 = 78 parts 
152,400 
per 100,000. 
Dilution to 100 parts per 100,000 would still 
p reduce a supply of v ery acceptable quality. 
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Fig.40 shows the action of the proposed tube well sys-
tem F in relation to the pump station E and ground wnter 
cutoff A. 
(5) Complete Diversion of River Seepage so that Flood 
Waters alone will recharge the Sand Be<L... 
The pump station and cutoff two miles from the 
coast at Swakopmund will result in a complete diversion 
of natural seepage from the lower two miles of river, in 
which the existing pump station is situated. The sand 
body from which the existing pump station draws its .. · 
supply will be deprived of the replenishment by na-
tural seepage which occurs at Q. comparatively, steady 
rate; and will then depend on the erratic floods of 
the river only for its replenishment. Much grenter 
fluctuations in water table must now be ex~ected; but 
an improvement in quality will compensate for this. 
A comparison will be made between present and 
estimated future fluctuations in water table and yields. 
= 
~ rre .. f// WQNr o'rQJ. 
/n O'u r//}!I T'/ood..s 
~ ////u ftPd .s1o/'oge 
--
L on9/rud/hQ/ Sed/o/7. 
Ho/'· .rca/e /'" - 1000 1 
/"err Sca/e / 6 = 501 
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(a) Present conditions as demonstrated by obser-
vations, 31 March l950 to 10 Augt1st 1952. 
The sand of the river bed was completely saturated 
in Iv'Iarch 1950 and no runoff occurred in the 1950/51 and 
1951/52 seasons. 
On the 10th of August 1952 the water table had 
receded to the levels shown in Fig.41. The length of 
the period of depletion, 31.3.50 to 10,8.52 was 863 
days. 
It will be assumed that the top 3 feet of river sand 
were depleted by evaporation and that the drained area 
below this zone produced a specific yield of 25% b!'I 
volume.(Note: the sand is clean and of comparEJ,tively 
high permeability) 
The computation of the total volume of water drained 
away is as follows , using the notation for sections and 
flow shown in ~ig.41:-
Section Drained Area Distance from 
(excluding coast 
evaporation 
zone) 
A nil 0 
B 5000 sq_.ft. 4000 ft. 
c 8000 sq.ft. 10250 ft. 
D 3300 sq.ft. 12350 ft. 
Total 
Estimated volume 
of water drained. 
2.5 million cu.ft. 
10.2 million cu.ft. 
3.0 million cu.ft. 
~'"15 !t million cu .ft' 
In accordance vvith the computations on page Jfl .. 
cy, in March 1950 is estimated at 24,000 cu,ft 1 /day 
and 't, in August 1952 is es estimated at 12,000 cu,ft./day 
Average value of C(r, throughout the period say 
18,000 cubic feet/day. 
~~= town consumption= 16,000 cubic feet a day. 
Equating the inflow into and efflux and extraction 
from the basin and allowing for the lowering in water 
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table, 
863 Cf.<, 
i.e. 863 a, 
-u l. 
+ 15 '700,000 = 863 ~l + 863 %~ 
= 15,700,000 + 863 ( 95, - 1h) 
= 20,200 cubic feet/day. 
(b) Future conditions 3fter installation of cutoff 
at A and tub e well a t c. 
Following ithe notation of Fig.42, an analysis of results 
which are expected is as follows:-
The flow 2t A i.e. C\) 1 will be reduced to zero. 
Due to the low intake level of the tube well the 
discharge :::.nto the sea Glf i. will be greatly reduced, 
especially towards the end of the depletion period when 
the water table between sections D and C becomes prac-
tically level. 
It will be assumed that during the first half of 
the depletion period the discharge <{!~ has the same 
value as computed for the 1950/52 period. Thereafter, 
however, it will be assumed to be reduced at a uniform 
rate to zero i.e. 9) 1 will have an average value of 
~ X 20_,200 = 15,150 cubic feet/day. 
Assuming again th2.t the upper three feet are 
depleted by evaporation, the computation of the total 
volume drained is as follows~-
Section Drained Area Distance from Estimated Volume 
(excluding coast of Water Drained. 
evaporation 
zone) 
D nil 0 
6.4 million cu.ft . 
c 12750 4000 
113.2 million cu.ft. 
B 10500 10,250 
4.3 million cu.ft. 
A 6000 12,350 
Total 28.9 million cu.ft. 
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Sand and gravel drains were l a id on the floor of 
the dam basin and extend from the deeper portions of 
the basin to the area where inflowing floods will depo-
sit the coarser sediments. The dam was so designed 
tha t the full supply level can readily be raised by s ix 
f ee t a t a f u t u r e date. The diagram (Fig. 44) shows how 
it is hoped eventually to retain a permanent asset even 
a ft er compl ete silting of the reservoir. 
Fig . 44. 
Ultimate development of a small. storage reservoir 
Longitudinal sec t ion through the basin. 
Insufficient }Jermeabili ty, one of the chief diff icul-
ties of water storaGe in sand filled dams, will be ~ccen­
tuated by the large silt bodies deposited. The water 
yielded by the coarser s ediments may prove to be suffi-
cient for a small herd of cattle only. It may be neces-
sary in addition to maintain part of the storage capa-
city by silt removal at rceular intervals. This method 
of constructing in two large stages cannot be recommen-
ded as a general solution until more informa tion be-
comes available. 
The storage basins of two small dams in this vicini-
ty were surveyed with the object of determining the rate 
of silting. 
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'l'he r esul ts are ets follO'.Ys :-
Name of Dam 
Catchment Area 
Period 
Number of rainy 
seasons 
Volume of sedi-
ments deposited 
Rate of Sediment-
ation 
Equivai;ent 
denudation over 
the catchment 
area. 
Original capacity 
of Dam 
Spitskoppies Oruo.ondo · · 
1.0 square miles 1.0 
1941 to 1944 1940 to 1944 
3 4 
0.13 0.14 million cu . f t. 
43,000 35,000 cu.ft./sq.ml/annum 
.018 .015 inches per a:n.r..um 
0.92 1.00 millio~ cu.ft . 
these 
It is of interest to compare r e sults with the rates 
. " 
of silting observed . in the Karroo, Kokot ' 5 q_uotee 
t he following mean annual rates of denudation over the 
catchment areas of certain reservoirs in that region:-
Reservoir 
Lake Mentz 
van Rhyneveldspass 
Lake Arthur 
Grass Ridge 
Mean rate of denudation 
(inches per annum) 
0.011 
0.016 
0.022 
0.01 2 
A more detailed survey during 1952 of the silt depo-
sits in Oruaondo dam yielded the following results:-
In the twelve years , 1940 to 1952, the storage capacity 
was reduced by 422,800 cubic f eet. Actually 427,160 cubic 
f eet of sediments were deposited, some of which above 
f u ll supply level . 
The clo.ssification of the materials deposited is as 
f ollows :-
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Silt 279s000 cu.ft. 
Fine Sand 133,880 " 
Medium Sand 13 '280 II 
Coarse Sand 1,000 II 
Gro.vel ner~li_gible 
Total 4-27, 160 cu.ft. 
The average sedimentation during the twelve years 
can be expressed as follows:-
Silt 
Sand 
Total 
23,250 cu.ft.per sq.mile per annum . 
122347 
35,597 
" 
" 
II II 
" " 
II II 11 
II 11 II 
or as 0.0100, 0.0053 and 0.0153 inches denudntion 
over the c3tchment area for silt , sand and total sedi-
ments, respectively, 
The maximum depth of t~1e deposits in Oru2ondo Dam is 
only about five fec;t. Wells in the do.m basin o.re already 
of some use as they yield water for cattle for approxi-
mately three months after the open wo.ter has been depleted, 
A method more certain to lead to useful results is 
stage:; construct ion, A weir is raised in stages so that 
velocities of flow through the basin during floods are 
appreciable; and most of the fine silt is carried over the 
dam wall, whereas the coarser fractions a re retained. 
Coarser sediments will absorb flood water more readily o.nd 
possess higher yields and permeability, than the finer 
material deposited where stage construction is not adopted. 
( 2) Sand Storage Dsim in Aukeigas. 
A ·C!anJ storo.ge_: dam;":-was developed at. Auko.igasLnear 
Windhoek, by the stage constxuction method. (first 
stage in 1939 - in all five stages). Sedimento.tion and 
water y·ield were observed in detail. 
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The catchment area of the dam is 14 square m iles in 
extent. An elevation of the basin with "contours" indicating 
15 
th~ width at any pointAgiven in the following diagraID.ll!llt:-
Tigure 45 
. 
0 
~ 
Lo;;_g1!ucl)r1al Sec/ion 
show Ing w1dlh of' Slor1:9g_e 13C?sin. 
.Horv~on!&TI 5cc;/e: /'' = 300' 
le1f1c~I Sc~le- : /" ., /o' 
The following diagranralli and table show the nature of the 
material deposited in the various construction st2ges:-
.5/aqe N 9 ~ 
Ye.tto of' ('on sfr. 
5- 19-15 -
L1mg1lud1nc!3I .Sec//Qn. 
showing 1'7~/ure of' defJ_os1fs. 
-
_/ 1952. 
I J{)O j -1 /: ,Z40 
f/or. Sc.:;/e /"· 300' 
M:rl .5c.;i/e /'~ /()' 
s,11 
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-· ' --- -- --- - ---· 
Material deposited(cu.ft.) 
Stage Season CoErse Fine Sand Silt Total Total 
No Sand & for for 
Gravel season stage 
l Carted 
in 
during 10,JOO 8,ooo nil 18,300 
construe-
tion 
1939/40 nil 80 ,ooo 4,000 84,000 102 ,300 
2 1940/41 nil 14.400 nil 14,400 
1941/42 30,000 96,000 nil 126,100 140' 500 
3 1942/43 nil 158,700 16,900 175,600 175,600 
4 1943j44 23'100 106,900 nil 130,000 
1944 45 nil nil nil nil 130,000 
5 1945/46 nil nil nil nil 
1946/47 
1947/48 40,500 291, 500 105,400 437,400 
1948/49 
1949/50 
1950/51 14,500 94, 500 26,000 135,000 
1951/52 572,400 
Total for 
/118,400 13 seasons 850,100 152,300 1,120)800 1,1201800 
Subtracting the 18,300 cu.ft. which were carted in, it 
will be seen that the 1,102,500 cu.ft. of material deposited 
by floods consists of 100,100 cu.ft. of coarse sand and gra-
vel, 850,100 cu.ft. of fine sand and 152,300 cu.ft. of silt . 
The sedimentation may be express.ed as follows:-
Silt 
Fine Sand 
. 
Coarse Sand 
&Gre.vel 
Total 
835 cu.ft./sq.mile/annum 
4670 
550 
6055 
II 
II 
II 
II II 
" " 
II II 
It will be observed that fine sand predominates. If 
stages were to be constructed so that only coarse sand and 
gravel were retained, progress would be very slow ind8ed~ 
Due to the low permeability of the fine material complete 
saturation is only obtained after copious floods. In this 
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connection it is of interest to compare the fine grading 
of the material in Aukeigas Dam with the coarser grading 
of the material in the Swakop River (page 1#3 ). 
The foundations of the sand storage dam at Aukeigas 
were cement grouted until the seepage below the dam was 
more or less equivo,lent to the drawoff required. The 
seepage can be accurately gauged at a rock bar a short 
distance below the dam; and by observing the yield from 
time to time it was possible to arrive at reliable figures 
for the water yield of different horizons of the sand fill 
at different times. 
The following table gives the percentage yield of 
sediments from three feet below the surface downwards, 
throughout the history of the scheme:-
Season Percentage yield from three 
feet below the surface down-
wards. 
Remarks. 
- · ------+---------- .. - ·-·-----+--------j 
1940/42 
1942/43 
1943/44 
1944/45 
1945/46 
1946/47 
1947/48 
1948/49 
1949/50 
l:l50/51 
-
25.0% 
9.6% 
8.0% 
2.5% of total sand volume 
the -three foot level. 
20% of sand volume below 
water table (see Fig.18) 
12.0% 
17 .2% 
14.4% 
14.0% 
? 
16.9% 
Exceptionally 
good season. 
Normal. 
Normal. 
below] Exceptionally 
poor season. 
Normal. 
Normal. 
Normal. 
Normal. 
Poor runoff 
season. 
Poor runoff 
season. 
The yield after the 1941/42 , 1943/44 and 1950/51 
seasons will now be examined in greater detail:-
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Some typ i c.a l analyse s of the gra in s ize of sand and 
silt a.re given be.low : -
Sampl e 1 . Ri ver bed mater i al i n the Swakop Ri ver near 
Okahand j a . 
-
Gra i n Size Pere G:ntage. c oo.rser 
(inches) 
th2n j Method of D·2termin2t i on. 
thi s gr c. in s ize 
I 
.188 7.4% Si ev e U. S .AoNo .4 
.094 14 .6% No . 8 
. 047 22 . 67~ No .16 
.03 7 28% No . 20 
.023 33.0% lTo .JO 
-- -· ·- · -
- -
.018 48% No . 40 
I 
.01 2 53 .0% No .50 
. 009 73 . 0% No . 80 
. 006 94 .oc7s No.100 
. 
. 003 100 . 0% No .200 
Sampl e 2 . Represe1.L k1t i ve mi xtur e of sampl es f rom stages 
1 to 4 of the sand storage dam at Auke i g2s.(Re l ative l y 
small s t ages ). 
1-
Gra in Size Pe rc ent a ge coar ser t han Metho d of Determi-(inches ) thi s gr a i n s i ze nat i on . 
.188 1. 6% Si r::v e U .S .A.Ho . 4. 
. 094 4 . o~~ 8 
. 047 6 • .1% 16 
. 037 10 .7% 20 
. 0 23 12.0% 30 
. 018 15 .1% 40 
. ol 2 17.0% 50 
. 009 62 .5% So 
.006 96.0% 100 
.(J03 98 . 6% 200 
. 001 99 . 6% Settling v c:: l oc i ty 
.001 11 i s taken a s 
r1 mi nute . (see foot n ot.e c , 
0 100% 
--... . 
for 
l" 
pa1e 1¥11 
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Sample 3. Typicnl material from a large sand bank in Stage 
3 of the Bulskop Dnm near Okahandja.(Relatively small stage). 
I 
Grain Siz.G Percentage coarser th2n Method of Determination. 
this grain size. 
--- -
.1ae 0% Sieve U.S.A.No 4 
. -
.094 0.3% 8 
.047 0.4% 16 
.037 0.8% 20 
.023 1.5% 30 
.018 2.3% 40 
.012 4.5 50 
.009 50.5 80 
.006 76.5 100 
.003 98.5 200 
.001 100.0 Settling velocity for 
• 001" is taken as l" 0 lOO.o% per Minute.* 
- - -- - -
Sample 4. Representative mixture of samples from Stage 5 of 
the sand storage Dam at Aukeigas.(Exceptionnlly large stage 
in which about 50% of ,all transported material brought down 
by floods are retaine~. In the case of Samples 2 and 3 only 
about 25% of all transported material w0re retained. and 75% 
were carried with the flood wnter over the dam walls. 
Grain Siz.e Percentage coarser than Method of Determination. 
this grain size . 
---- ----
1--- - - · - . 
.188 1,1% Sieve U.S.A.No. 4 
,094 2.5% 8 
.047 4.6% 16 
.037 8.1% 20 
.023 9.0% 30 
--
.018 10.1% 40 
.012 14.7 · 50 
.009 47.6 80 
.006 72 .3 100 
.003 7 4 .8 200 
.001 89.J Settling velocity fo:r 0 100% .001 11 is taken as l" 
per minute~ 
*with the viscosity of water= .014 poises and speci-
fic~ gravity of grains= 2.65, the settling velocity in 
inches per second, in .e;.ocordance with Stokes Lo..w 7 , 
is equal to 16,300 X (diameter of particles in inches)2. • 
With grcins .001 inches in diameter, the settling velo-
city is therefore .0163 inches/second or approximately 
1 inch/minute . 
' . 
I 
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The basic principle involved is to limit the size of 
stages so that velocities of flow through the basin are 
sufficiently high to transport most of the fine sediments 
over the dam crest. It is obvious that 100% perfection 
cannot be achieved as with the smallest floods the velocity 
of flow will always be low onough for the deposition of 
fine silt. Subsequent floods of greater II12.gnitude may 
scour part or all of the fine material and deposit sand. 
In practice silt bods :::i..nd lenses occur in successful sand 
storage dams and the object of design is not to eliminate 
silt entirely, but to reduce the extent of silt bodies 
so as not to interfere unduly with the proper functioning 
of the reservoir. 
In the sand storage dam in Aukeigas, four stages 
which were small enough to retain .satisfactory deposits' 
were followed by a stage about seven times their average 
capacity. The object of constructing the fifth stage vras 
to observe the nature of the sedimentation from year to 
year and thus to determine the maximum residual capacity 
which will still retain satisfactory sediments. 
The original height of the stage was six feet with o. 
capacity of 1,038,100 cubic feet. During the four rainy 
seasons 1945/46 to 1948/49, 437,400 cubic feet of sedi-
ments were deposi.ted of which 105, 400 cubic feet were silt. 
The silt occurred mainly in two beds, each an average 
thickness of about nine to twelve inches, extending 
over the whole of the lower half of the basin. This 
type of detposition is to be avoided because the silt 
takes up valuable space which could have been available 
for water storage and interferes with infiltration during 
floods. 
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After the 1948/49 season the residual · capacity 
c:::..mounted to 600,700 cubic feet with a residual hoight 
ne2r the dam wall of 3 feet. In the three aeasons which 
followed 14,500 cubic feet of coarse oand and gravel, 
94,500 cubic feet of fine sand and 26,000 cubic feet of 
silt were deposited. Some of the silt in the central 
portion of the basin was scoured awo.y by floods thereby 
incrensing the infiltration area (page 137 ). There wns 
a II18rked improvement in the grading of deposits and the 
-position in which they were deposited compared with the 
previous three seasons. Velocities of flow through the 
storage basin had increased due to the reduction in the 
depth of water, It is considered that the velocities 
which were experienced with a residual storage depth of 
three feet near the dum wall can be ad.u:µteid · c.s the mini-
mum permissible velocities for sand storage do.ms. 
The catchment area of the sc:md storCJ.ge dam o.t Aukei-
gas is 14 square miles, the maximum probable flood 
Q 1 = 3600 X 14 o•'l-
5 
=11,800 cusecs (po.ge 28 ) and the 
p eak intensity of a series of equivalent floods Q, ~ •06Q
1 
~ 
708 cusecs, adopting n coefficient more or l ess in 
keeping with the observations plotted in Fig .21. (Defi-
nition of equivalent floods, page 79 ). 
The yelocities of flow occurring near the darn wall 
at various construction stages of the sand storage dam 
at Aukeigas will now be determined for the flood dis-
charge Q = 708 cusec s. 
f G )';?, I Stage ,(,- H, Ar-"'" k(t-1 1-t-Hi) 'lf_ _Q I Hz =-\~d.V "" C\ - AF 
No. (feet) (feet) (feet) (sq.ft) (ft./sec) 
1 73 4 2.05 4Llrl 1.6 
2 77 1.5 1.98 268 2.G 
3 87 3 1.83 420 1.7 
4 90 1.5 1.78 296 2 . 4 
5 in 
1945 110 6 1.56 833 o.s 
5 in I 
1949 110 I 3 1.56 502 1. !~ 
'-
I _ _ J 
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k == crest length of d2.m wo.11. 
H, ::: height of weir crest ctbove snnd filling . 
H2 ::: depth of overflow over weir crest. 
A == F flow cross section a short distance upstream of the dam wall " 
'lfa == velocity of flow a short distance upstream of the 
dam wall. 
Satisfactory sedimentation resulted in stages 1 to 4 
with a value of ~ varying from 1.6 to 2.6 feet/second. 
In stage 5 1 ~ originally was only 0 .8 ft ./sec. which 
vras insufficient to produce effective scouring. When Va 
was increased to 1.4 ft./sec. as a result of shallower 
water depth, sedimentation was again satisfactory. It 
is suggested that 11a == 1. 5 ft./ sec. be adopted as the 
limiting condition for the design of stages of sand 
storage dams. 
The future stages of the sand storage dam at Aukei-
gas will now be designed on this basis. 
Q = 708 cusec s as before 
T - - - -·-· -· ..,--- - - ----r - - - --
Proposed 
.{r H=(Ry~ Q A Adopted /-\r--=-1.5 H==--;rf-H Stage No. ;_ :1'3 b I · 2 value ofH, 
6 119 1.5 472 2.4 2.0 
7 130 1.4 II 2.3 2.0 
8 144 1.3 II 2.1 2.0 
9 155 1.3 II 1.9 1.5 
10 170 1.2 II 1.8 1.5 
A full picture of existing and proposed stages of 
the sand storage dam at Aukeigas is as fo1.ili.ows:-
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I Stege No Total estimat ed Sediment volume Height of dam sediment volume in each stage wall at end of 
to end of stage stage (feet) 
-
f 
l(existing) 116,700 cu.ft. 116,700 cu.ft. 7 
2 " 242,800 II 126,100 " 8.5 
3 " 418,400 
II 175?600 II 11.5 
4 " 548,400 II 130,000 " 13 
5 II 1,586,500 " 1,038,100 II 19 
6(proposed) 1 880 000 II 293,500 II 21 
' ' 
7 " 2.500,000 II 620,000 II 23 
8 II 2 ,340 '000 II 840,000 II 25 
9 II 4,000,000 " 660,000 " 26.5 
10 II 4,820,000 II 820,000 II 28 
It has taken 13 years for the deposition of just over 
1 million cubic f eet of sediments and it is therefore clear 
that several decades will elapse before the dam will have 
reached the final stage envisaged. 
In designing sand storage dams cognisance should be 
taken of the fact that the pressure on the dam wall due to 
the saturat ed sand is greater than that due to water alone. 
The pressure of dry sand on a vertical retaining wall 
is given in the following diagram:- (Rankine) 
, 
= Id Hp fun 2 { 45 ° - *) 
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If the sand is saturated with water 9 full hydrostatic 
pressure will be exerted on the wall, The sand pressure 
will, however, be reduced, since only the submerged weight 
IZ 
of the sand will now act • 
Partly s2turated storage basin:-
Fig. Lt-~ 
fli_
1
D = pressure due to dry sand 
::: 1d Hr, I.arr/ ( 4-S (, - VYz) 
r; = pressure due to saturated sand H.v 
= 1 1 H w AcA-'1fl 2 (Lt 5 () - %) 
Fw = water pressure = 'Y H w w 
' f I ::: Submerged unit weight, 
The pressure on a vertical wall due to water alone and 
due to water plus submerged sand in a practical example, is 
compared in the following diagram:-
The basic data assumed are, 
f.I = s 10 feet 
Depth of overflovv over the wall = 4 feet 
!~ = 89 lb/cu.ft. 
"('::: 52 lb/cu.ft. 
l =.: 62.5 lb/cu.ft. 
w 
o/ = 30° 
Water pressure at crest == 4- Yw =- 250 lb/sq.ft. 
II II II bas e = 14 ~w == 875 lb/sq.ft. 
Submerged sand pressure at base 52 x 10 x ito..-.-/-('+5 -15) 
5 20 Jt""c:vvi :i. 3 0° 
173 lb/sq.ft . 
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F;9 .5o Woter 
In practice weirs designed for retaining sand to store 
water will therefore be slightly more massive than weirs for 
retaining water only. 
Special attention should also be given to the design of 
the well and drains . Fig.51 shows details for a small sand 
storage dam. 
According to Terzaghi and Peck 12 experiments have shown 
that the following relation should be observed between grading 
of material to be drained and material of which the filter may 
be constructed. 
Let D15 denote the 15r; size of the coarsest beds in 
contact with the filter and D85 the 85% size of the finest 
beds in contact. The 15% size of a suitable filter must 
then be between L.t D 15 and i+D85( The notation D,5 D85etc. is 
explained on page l'lO ) • 
The same authors on page 119 of their publication 
advocate drainage slots e~ual in size to .D60 of the drained 
material. 
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DRAWOFF DETAILS FOR SAND !>TORA GE DAM. 
.Sc. o. / e I'' == 5 I 0,, 
A. Sand deposited i1~basinoy floods say D, 5 :::: -.00 45 and 
I:
85 
== .011 inches.(see sieve analysis, page 181) 
B. Fine filter. 
D
15 
not coarser than four times D8 .; of A or say 
.044 inches. 
D85say .088 inches . 
c. Coarse filter, 
.D
15
not coarser than four times D85 of B or say 
0 .3 inches. 
D60say 0.5 inches. 
D Intake slots== D60 of C = 0.5 inches. 
E six feet diameter collecting well with 0.5 inch intake 
II 
slots and li- diameter outlet pipe . 
F Drinking trough for stock. 
G Reinforced concrete projection above outlet valve. 
H Fill similar in grading to B carted in to reduce the 
height of the first stage to the maxirrru.m permissible. 
Note:- 1). Details of filters and slots can be adapted in 
·accordance with the 1.a.aterials available on the site . 
2)o If :material similar to A is available it can be 
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filled in over the fine filter B in order to eliminate all 
possibility of clogging of filters by flood water. 
The av~rage permeability in a horizontal direction will 
determine the rate at which water can be extra6ted from a 
sand storage reservoir , In the sand st ~i rage dam at Aukeigas 
this average permeability was found to be }4 feet a day 
(page q6) and is sufficient to allow the water to percolate 
to the drainage system at the well at a rate comensu~ate with 
the consumption. In a large sand storage dam, designed for 
the delivery of a nru.ch more copious water supply, however, a 
longitudinal drain may have to be provided. The following 
example will illustrate the problem:-
A sand storage dam in a l~rge river is to be drawn upon 
at the rate of 16,000 cubic feet a day. The slope of the 
sand is l:JOO and the cross sectional area of the basin near 
S~· 
the dam wall 10,000Afeet , when the dam is full; and 2500 
sq.ft., when ~th of the supply has been depleted. With the 
slope of the water table at l:JOO the seepage flow at the 
dam wall will be 1670 cu.ft/d8y \1hcn the dnm is full nnd with a 
slope of the base of 1:150 n r~~tu of oxtrcction of 883 cu.ft/ 
dci.y will be possible v1hcn tho d[',m is i full~ The natural see• i 
page is thus below reQuirements . A four inch diameter 
asbest-cement pipe will deliver the requ'ired quantity of 
16,000 cubic feet a day at a hydraulic gradient of l:JOO. 
The pipe should be slotted and surrounded with gravel and 
sand filters in accordance with the principles enumerated on 
page 150 • The pipe diameter should not be so selected that 
it can deliver the desired quantity at a hydraulic gradient 
flatter than that of the surface of the sand; as this would 
result in too much surplus water being drained from the upper 
part of the sand reservoir to the lower and beinG discharged 
over the dam wall. It will not be necessary to extend the 
drain more than half-way up the length of the storage basin, 
"*°Assumed average permenbility in a horizontal direction 50ft/day 
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CH.APTER 5 
SAND STORAGE DAMS WITH SIPHONS. 
(1) Requirements to be met in- the Design of the Siphon. 
The siphon must prline during large floods and lower 
the water table so that scouring of the silt in the basin 
can take place. W'.aen the intensity of the inflowing flood 
has dropped to a certain value the siphon ac Uon must 
break off abruptly and the basin must again be filled 
before the end of the flood. The priming of the siphon 
must occur with sufficient frequency to bring about nppre-
ciable scouring of the basin, On the other hand it may not 
occur with floods which are too small, as this would~_leave 
the basin partly depleted after siphon action. 
A siphon was designed for the fourth stage of Buls-
kop Dam ( a sand storage dam near Okahandja). Crest levels 
we re so designed that the siphon will prime with a flood 
Gp = 993 cusecs. The size of the catchment area is 
50 square miles and the maximum probable flood Q 1 there-
o.i+:r 
fore= 3600 X 50 = 21,000 cusecs. i.e. .£e... = 0.047. Q, 
It will be seen from detailed statistics of catchment 
areas of the same order of IDab~~itude (Fig.21) that approx i-
mately half the total runoff from the catchment area will 
probable be yielded by· floods having a relative intensity 
equal to and greater than 0.47. It is, therefore, con-
cluded that the priming of the siphon wil+ occur with suf-
ficient frequency. It is suggested as a general rule that 
G.p should not be greater than the flood intensity cor-
responding to ~ = 0.5 (adopting the notation defined in 
page 31 ) 
As can be seen from Fie;.52 a priming step has been 
provided at a level sligbtly higher than the level of the 
siphon intake, with the object of bringing about the ab-
rupt breaking off of the siphon action when the water level 
in the dam is lowered to siphon intake l evel. 
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Nott.· In 01d1'nary s1p"1on spilhvQy~ air vents 
are ptovided above the inta~e .so that siphon 
ac,tion .brtak5 off gradi..toUy in keepin'3 with 
the flood rnaqni tude . In the .5Q'1d dam .Si phot7 J 
however; lowe.rin9 of ~he water level to th~ l>Q~e 
?t the OP,tfl !>to.taqe 1 followtd by Qr-J ab,,.r..4pt brtak-m~ off · of -the s1pho11 ac.t;on when the {food is jtil/ 
Ja.(qe t11c.lugh to fill the basin,, 1~ achieved by 0111ittin9 
~,t vent!-i and plat•rig the pri~in9 ~tep high. 
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A further requirement to be met is that a sufficiently 
large open storage capacity must always be maintained at 
the dam wall to assist i~ the absorption of the small 
runoff of a poor rainy season. 
It will be seen that a large variety of requirements 
have to be met involving the hydraulic propert~ea of the 
siphon itself and the problem of sand transportation. 
In order to be able to predict the behaviour of 
siphons and sediments in the basin with some degree of 
accuracy, the author constructed the apparatus shown in 
Fig.53 and 54; and conducted experiments which will be 
described in detail in the sections which follow. 
(2) Dimemsions of a Model Siphon and Storage Basin. 
The scale to which the model sand storage dam with 
siphon was constructed will now be discussed. 
The model embraces flow in an open channel as well o.s 
in a c:losed cunduit. For the sake of simplicity complete 
geometrical similarity of the model with the entire pro-
totype is desirable. 
Dynamic similarity must, however, also be attained 
if coefficients of discharge and the behavdi..our of the model 
generally are to be used to predict the result in the pro-
posed structure. 
The basic principles involved can be found in stan-
dard textgooks on hydraulics but are given in Appendix A 
for reference purposes. 
Applying the second method discussed in the appendix, 
namely that in which a smooth geometrically similar model 
is adopted, to the model of the Bulslrnp Dam siphon, the 
following result is obtained:-
The prototype consists of 
1) The Channel through the dam basin. The alignment is 
poor and rocky ridges project into the basin. The bottom 
consis,ts of sand and gravel. The value of Kutter' s N is 
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estimated at .035. 
2) The siphon, consisting of concrete ca st in fairly neat 
formwork. A value of N = .015 is e stimEted. 
A model scnle of 1:20 was adopted. It was therefore 
necessary 
roughness 
N = (fo}t 
for the channel to possess a coefficient of 
N ~(J0 )7::x·o35 -== ·021 and the siphon 
X •Of5 - •OO'?J 
In accordance with Kutter's coefficients as tabu-
lated in reference 19, Page 824-, it is considered that 
a model will comply with these conditions, if the channel 
is made straight, with concrete sides, and the siphon 
is made of smooth, tin coated metal. 
The model was constructed in accordance with these 
requirements. 
Flow in both the model and the prototype must fur-
thermore be turbulent. A model with tranquil flow of a 
prototype with turbulent flow will be useleso. 
The Reynold's number, R -= 
Where o- = kinematic viscosity of water 
-~ 
=1.1X10 square feet 
seconds at usual tempera tures. 
rif =velocity in feet per second 
~ = hydraulic radius in feet 
i.e. R = 90, 000 N l"f1 
A check was made to see that in all experiments , R 
was well above the upper limit for tranquil flow namely 
2,700. In other words in all experiments, 
'\J 7 . 0 3 sg,uare feet ~ / seconds ••••• Q ••••••• ( 15 ) 
f3) Ex.12._eriments to determine the Hydraulic Properties 
of the Siphon. 
The model was mounted a s shown in Fig.53 and the fol-
lowing results were observed:-
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The siphon primes vvhen the vmter level in the basin 
rises to R.L.1.094' . When the water level is lowered to 
R.L •• 775' air is drawn in and the siphon action breaks 
off abruptly, provided the efflux is not submerged. It 
is clear that the position if the priming step at a level 
higher than the intake of the siphon is :reflponsible for 
the abrupt breaking off of the siphon action. 
The reduced levels of the water tables HA He:.&. He. 
and the discharge over the adjustable weir were noted for 
different adjustments of the tail water. 
Prirrun~ Le,,~1 
/·09-1-
-1 
.lJ;;;,. 
I 
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If the adjustable weir is lowered completely, efflux 
conditions are somewhat indeterminate. The 'Nater assumes 
an approximate surface level of 0.325 feet before leaving 
the siphon. vTILen the weir is raised so as to submerge the 
efflux the total head HA - He:. is more definite. 
The equation of siphon discharge is as follows:-
Q T =- C ( :; e c. ti on a I ~ u: c~ c~t X ) ,j 2. CJ ( H 4 - t-1 8) 
=- • 0875 C. ,J Zc:J (HA - H13) 
The coefficient of discharge C will depend to some 
extent on the amount of velocity head recovered in the ex-
panding portion of the siphon beyond X.X • 
The following experimental results were obtained. 
( Q1 was determined by allowing the discharge of the ap-
paratus to fill a vessel of known capacity and noting the 
time taken):-
HA- He,=0,7 feet 
HA - HE> =0.5 feet 
Submerged efflux:-
HA - 1-1 e_, =0 • 5 
I·\ - H~ =0 .3 
feet 
feet 
QT =.445 cusecs 
Q_=.366 cusecs 
I 
' C =O. 76 
c =0. 74 
Q1 = '. .418 cusecs . " C =0.845 
QT-=:..307 cusecs C... =0.80 
The suction head on the pipe A 13 C is equal to HA - H c.. • 
Observed values of HA - He.. were found to a .sree very 
v:~ 
closelj" with the expression 2·2 zf . Where ~ = velo-
city at the crest of the siphon i.e. at section AA • 
Bernoulli's theorem gives 
tion head. The remaining 
v.1-
_A_ as the value of the suc.--
.<.q v:'". 
/·2 ..::.B. is due to the suction 
2'") 
tube facing downstream awl the special pressure distri-
bution at the bend in the s iphon at AA • 
( 4) Experime~ts }o determine the Effect OI!-_~]l-~ Storage Basin. 
In Figs.54 and 55 a further series of experiments is 
illustra ted in which the: siphon was mounted on the weir 
The results 
of the triangular flume clescribecl on page 87. I\ ohovr how 
the sand banks deposited by a series of five smaller floods 
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Fig. 55 . 
11,fod e l Sand storage Dam. With and without siphon • 
• 
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without siphon action were scoured by a sixth flood which 
was large enough to prime the siphon. With 0.4% of sedi-
ments added to the inflow the sediments in the basin reached 
equilibrium at a slope of approximately 1:31 . With 1.6% of 
sediments a very steep equilibrium position. was maintained 
for a long period Fig.54; but finally the intake with 
this percentage of sediments became too restricted for 
priming the siphon; and the basin was completely filled 
with sand. 
The flood which caused priming had a discharge of 
12 cubic feet compared_ with the total discharge of a 
cycle of 6 floods of 42 cubic feet. 
Surrunary of results: Concrete flume 
with siphon (See also graph on Fig.54.) 
I Per;entag~ sediments in inf low Quantity of sediments\ Equilibrium expressed as'a per- I slope in basin 
centage of the floods 1 
which cause priming. ! 
0.4% 1.4% 1:31=~0323 
o.8% 2,8% 1:170:.0589 
1.6% 5.6% 1:12=.0833 
The maximum siphon discharge (page ) was 0.445 
cusecs or approximately .3 cusecs per foot width of channel. 
Substituting Cf! = 0.3 and P = 1.4, 2.8 and 5 .6 in 
equation(Ci), (page ) the following slopes are obtained • 
(Note D50 = • 009 11 ) 
. , • '+- ( I )2A c,."t=: .00331 x 1.4 + .113 ><, .009 x. Q.3 3 
= .0076 
. / • '+ ( I )~ Lz.3= .00331 )( 2.8 + .113 x .009 ~ ~ 
= .0163 
• /·4- ( I )~ t5.~ .00331 1-, 5.6 + .113 x .009><-.0.3 
;::= .0393 
Equation (9) applies to free flow in an open channel. 
In the problem under consideration the flow is only freely 
scouring for a portion of the time during which siphon 
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action takes place. During the major portion of the time 
the velocity of flow and conseg_uently also the scouring 
action is reduced by brackwater effect. This is the ex-
planation for the discrepancy between the observe d slopes 
tabulated on page !bl. and the computed values above. The 
p ercentage sediment loading which actually corresponds 
to the observed slopes in accordance with equation (9) 
are 4.87~, 7 .6?; and 9 .87~ which suggests that the portions 
of the flood s which caused priming which were effective in 
1·'-t- :;,_·B 5·b 
sc0uring were Lf:-8 , 7 . b 2.nd ~6 i.e. 0.29, 0.37 and 0.58 
of the total priming flood of 12 cu.ft. In other words, 
when there was still a fairly large open storag e capacity 
' ( . L = .0323) only 29% of the priming floo&were effective 
in scouring, VJhen the capacity was reduced ( L = .0589), 
37% were effective and when it was further reduced ( L 
= .0833) 58% were effective. The siphon discharge when 
only small open storage capacity is left amounts to 54% 
of the flood which causes priming (Fig 54). 
In designing sand storage dams with siphons the full 
siphon discharge will be a s sumed to be active in sediment 
transportation ·through the basin when storag e capacities 
have been reduced to near their final value. 
(5) PredictiOI!..._£.1 Results -r- Buls kop Dam. 
After construction to a height of 11 fee-t in three 
stages, a fourth stag e vvi th e. siphon was added to this 
dam (Fig.52) 
The princiJKcl dimensions of the structure are as 
follows:-
Crest l evel of siphon 100.0 
Crest level of arched weir 100.5 
Intake level of siphon 95.5 
Floor level at efflux 83.0 
Top of opening at efflux 89.34 
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( 83't )z J-2·2. ?>:.·ti x. .<.c:i == 21. 4 feet below water level in dam when 
this is at 101.8 
f7c, o )2. 1-2·2 03·'-t x:. 2 11 == 19 .2 fe et below water level in dam when 
this is at 100.0 ~ 
(.62Z. )~ .L 2•Z\.3f.L,. x 2~ = 11.9 feet below water l evel in dam when 
this is at 95.5. 
The initial open storage capacity of the stage up to 
siphon crest is 1.39 million cubic feet. The water body 
is roughly wedge shaped, with the top surface horizontal 
and the lower surface at a slope of .0033. If the sa1J.d 
. 
deposits assume a new slope L. as a result of deposition, 
the open storage capacity will be reduced to 
million cubic feet very approximately. 
Where the siphon width is small com.pared with the 
width of the basin it is desirable to make a further allow-
ance for imperf t; c-t; scouring towards the sides of ·the basin. 
The permanent open storage maintained by siphon scour is 
therefore assumed to take the following shape:-
FJ~UR.E. 57. 
Volurt1 f of s i It '10t 
r~moved blf 5couri..-.q t~lcoi 
QS G\pprox. ~At'tQ A6CD X 1{" b 
- ~b~H,/f 
- - - - ------ --··-- -~----==~-----========:-==--_::_...,; 
This assumption results in a recluction of the open 
J - 5 J_ ,..[3 ,_ 
storage cap~c i ty by ''J x. :, ~ x 3 ><. T /II 
Which, substituting the dimensions of the Bulskop Dam is 
equal to no x 5"· 5 ~ ~ ;( 4)_ )(. I 7 o = 46, 000 cu. ft • 
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The rtsidual open :storage in :Bulskop Dam will there-
fore be approximately equal to 
cu.ft. 
There are neither field nor experimental data to con-
0 firm the assumed 60 regions not affected by scour. There 
is reason to believe that such regions will be limited in 
volume. The sand dam with siphon is different from dams 
which are first allowed to silt up more or less completely 
over a number of years and in which scouring is then at-
tempted during a good rainy season. In the former scour-
ing occurs simultaneously with all flo.ods which are large 
enough to bring appreciable volumes of silt; and surge 
waves occur at all levels on the sides of the basin during 
the emptying process. In the latter the scouring flow 
cuts into the deposits and initially at least leaves 
large deposits on the sides, which are then ~lowly under-
cut and eroded. 
The f ollowin& table gives the residual open storage 
for different values of ~ 
. 
L 
• 005 
.01 
.02 
.04 
.05 
VR = residual open storage capacity 
0.90 million cu.ft • 
0.41 
0.18 
0.07 
0.05 
An estimate will novv be mc=J.de of the slope which the 
se:diments will ultimately occupy within the storage basin 
of the Bulskop Dam. It has previously been estimated 
that approximately 50~~ of all runoff will constitute floods 
that will prime the siphon (page 15'f ) • The percentage of 
the flow of the priming floods which will be effective in 
~couring will depend on the residual open storage capacity, 
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the characteristics of the inflowing floods and the dis-
charge curve of the s-iphon. 
Point A on Fig .21 represent the assumed relative intene-
0·5' 
i ty of .04 7 for f~ == for Bulskop Dam and point B the re la-
. '"' /\ 
tive intensity of .094 for rR = O.i5. The points are se-
lected somewhat below those of the Gamams catchments as 
somewhat less favourable runoff conditions are. expected • 
• 047 is the relative intensity of the minimum flood which 
will. prime the siphon and .094 can be accepted as the rela-
tive intensity of a typical flood which will cause priming. 
a, = 21,000 cusecs and the typical priming flood there~ 
fore has a peak intensity of .094X 21,000 = 1975 cusecs. 
Fig.58 gives an estimate of the characteristics of a 
flood of this intensity, based on the detailed records 
given in Figs.22 and 23 and shows what happens when this 
flood passes through the storage basin of the Bulskop. Dam 
The conclusion is arri:ved at 'that 447~ of the discharge of 
all floods which cause priming is effective in scouring 
i.e. 22% of all runoff priming and n6nprimL~g. 
On page qz the flood water arriving at the Bulskop 
Dam was estimated to contain 1.02% by weight of sand 
which means that the scouring portion will have to co.pe 
') I • 2. a1. 
with r = O·Ji = 4.63i' The peak intensity of the scouring 
portion is 840 cusecs (Fig.58) anQ the width of channel 
170 feet i.e. 
- 0 .01 inches. 
a, == 840 = 5 .o cusecs per ft. width. D50 tlb m 
Substituting in eQuation (9) 
. , . ., r· ,. ,~"? 
t = • 00 3 31 x 4 • 6 3 + 0 .113 x 0 • 01 )( 5. 0 ) 
= 0 .284 + .0004 
= .0288 
i.e. Residual open storage capacity in accordance with the 
. 
table on page tM~ is given by 
VR = 0.113 million cu.ft . 
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CHAPTER 6. 
-
ANALYSIS OF FLOW NETS AT WEIHS, EMBAHI9'g:HTS_ AND GROUND 
WATER DILUTION SYSTEMS • 
. .. ) 
(1~ 1Weir · on She.et Piling in~_River Bed wi.th :Unif6.rm Permeability:. 
Seepage underneath sheet piling in a sanely river bed is 
analysed in the diagram which follows. The sheet piling is 
so constructed that it dams up the river three feet above 
bed level. Overflowing water is clischar.:;ed on 2. hemr.y 
stone-in-wire-mat on a s~i table gravel base. The c;i ... ound-
water flow net is constxuctecl for the condition of surface 
flow occurring in the river and keeping the upstream sand 
body saturated. 
The sancl volume available for water storage will be 
increas ed somewhat by deposition upstream of the weir at 
a surface slope parallel to the original river bed slope. 
The pump station which will benefit by the additional 
storage can be s ituated either in the immedigte vicinity 
of the weir or some distance downstream. 
A further effect of the weir is shown in Fig .GO. The 
ground water flovr underneath the sheet piling is several 
times the seeFage flow of the river clue to the additional 
head produced by the weir • In the example chosen the ra-
tio was found to be 10!1. One part of the seepage under-
neath the sheet piling is thus derived from normal river 
seepage and nine parts from fresh water infiltra tion from 
floods. The velocities are comparatively hii:.;h (near the 
base of the deposit s ap1Jroximately 10 to 15 times the normal 
seepage velocities.) The normal seepage i'low is forced 
into a thin layer only a few feet thick over bed rock which 
is by no means as smooth in outline as in the theoretical 
case. All these factors will combine to bring about a 
mixing between the two types of water i.e.dilution of ground 
water flovv during floods. A further dilution can be brought 
about by the tube CDE, s lotted at C and E, as explained in 
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dotail in Fig .60. The pur..r.:p stG.tion to benefit 'by ground 
wu.ter dilution i 0 best situated some distance downstream of 
the v.reir a 
B 
Fl~L;RE 6"0 
OF FLOW WHE..RE.. RIVER BED 15 
RAISED ~ F(ET 8Y SHE.ET P11-E CUTOFF' E XTENDIN4 
ABOUT HALF WAY DOWN TO RO(!< 
S('' 011al ro.V Of ~ h~~ f pi ! 1'""' ~ 
- 5tonf io wit~ l""l~t r''c;;t,·n~ o" 9 fe1.dctc/ f11t . 
-Sheet pi li,..,'l , Tep R. L. )03 ; baffal'r') R.L 83. 
slop~ /: 300 f?..J... IO> ' 
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propof>a/ 
54 ( r~a WCl te f" 
®It JS also 
C DE 1 sfotte.d 
e"ds = rr x~ i-; 
plete sa tu ta t1-0"'1 
to eje~t 
rep/Qcerne'1t 
poss.i ble to 
"t c Q'1d 
of 
fro rn lowef 
U'1dt rqfOL.4 r"ld 
irijed fresh w~fer 
E Difference of 
h'i pipe 
he ad b~h11et:ti 
=- Z · 2.0 fee.t a~ lo,,q as con" i tio'l of com-
Cf f ectivt Ve Jod t~ 
•• n 
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1! 
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•• ~ T'oc.l( lev,e I "'nJe,, s.~eet pi Ji~; -4SO x~;< ~ ,,_ J,·6 fret /dq"i. 
.Sed1a11 AA ~ Cffu ~ R ~ .-V -"' 43 
"' 450 x 300 )I; 43 
~ 6 4 · 5 C\t. ft. / da~ 1.011-t ~h ctn ntl lt•,fl d th 
tA.,dttcp·ow hc1 flow a. f Sect 1ori 68 : 'lf z.r'"' 4-50 x 'iio >( 40 
= 6 0 <M ·ft-. j da !.j J 1..01i t c.h~ viricf w1dt"h 
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The three foot hydrostatic head is divided into eleven 
parts in the diagram. Potential lines are closest at the 
sheet piling and the hydraulic gradient at efflux next to 
the piling amounts to a drop of o/i1 ft. in a distance of 3 ft. 
o·t;- 1: 11. Heave can be expected to occur at the ari tic al 
hydraulic gradient 12.. I • If 1' == 52 lb per cu.ft. 
and 1w == 62.5 lb. per cu.ft. then ~c is approximately 
/ 
unity. There is therefore a considerable factor of safety 
against piping by heave. Empirical rul~s for permissible 
seepage gradient under hydraulic structures specify 1:5 to 
1:8 for sand 6 &. q • D W T l I?:> · d · · 1. • • ay or in 1souss1ng sucD 
empirical rules points out that fine sand is generally the 
safest foundation where failure due to piping is concerned. 
This is probably due to the uniformity of fine sand and the 
resulting uniformity in seepage velocities. Since the com-
puted gradient of efflux of 1:11 is well below the permis-
sible gradient quoted by various authorities, there is 
no danger in the example analysed of failure due to under-
mining as a result of excessive seepage velocities. 
The stone-in-wire-mat should be long enough to act as 
an effective apron against scouro Dixey 10 in his Handbook 
of Water Supply suggests a length of apron of eight feet for 
a weir height of three feet and for higher weirs a propor-
tional increase in this length. 
The stone-in-wire-apron should rest.on gravel or crushed 
robk which is large enough not to be washed out by floods. A , 
mixture of sizes from i inch to 3 inch is considered suit-
bale for a nine inch layer immediately below the apron ( D 15 
of this coarse gravel layer say 1 inctj. In accordance with 
the rule:,; given on page 150 the coarse gravel should be 
placed on a layer of finer material with .D85 = ~ of .D, 5 of 
the coarse material = -ft. inch and a D15 size of say -fa th inch 
This lower layer should be approximately 6 inches thick and 
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will seal off fine river sand ( 0 65 eq_ual to or greater 
than };o th inch) aguinst scouring by floods. 
(2) Weir on Sheet ~iling in River Bed witJl_Varl~ 
~er£~bilit~ 
If the weir were constructed in a river bed consisting 
·of fine sand near the surfnce ( 1fz = 58) followed by a layer 
of ;nedium sand ( .,fz = 183) and underlain by very coarse sand 
( ~ = 1580) the flow net will assume the form shown in 
Fig.61. The ratio between permeabilities of the three 
layers is approximately -4; : 1 : 9. 
When the river bed is completely s.:.turo.ted Ji = 3 feet. 
I 
It will be seen that the flow net has been drawn with 
sq_uare fields in the zone 1:?., = 183 and rectangular fields 
in the other zones. In the fine sand zone the dimension 
of the rectangle in the direction of flow is ~ its width 
and i'n. the zone of very coarse sand the lene;th in the di:-
rection of flow is nine times the width. The reason for 
this construction is as follows:-
of 
t ... 10 
The flow between anyAflow lines== C(fvv' = At ~x area 
cho.nflel 1 f\ly flow/\ where >->.-h
1 
= loss of head in rectangle and 'D£ == 
length of rectangle For unit width of river bed, 
x distance between flow lines. 
= i~ width of rectan0le b ki 
1 
-r<. length ()f rectang"Te 
'1rw is constant and 8-41 1 is constant for equal pressure Nj 
intervals 
:. At width of rectangle = constant length of rectangle 
If square fields are, therefore, constructed in the 
central zone the fields in the other zones must have width 
to length ratios in inverse proportion to the value of~. 
The :follovring results are computed from the informa-
tion given by the flow net:-
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l73 
it ·will rise through the apron to be washed away by 
floods~ 
_Injection tube X Y :- The difference in head 
between X and Y will be id A., = 1,5 ft. Fresh 
water Will enter the slotted section at X and will be 
injected into the lower grouncl water layers at· Y 
causing dilution of the brack content of the latter. 
/ (3) S.and Embankment on River Bed with Uniform Permea-
bility. 
Where a suitable spillway can be provided on the 
side of the river, it is possible to achieve the stor-
age plus ground water diluting effect by means of a sand 
embankment properly designed against overtopp.ing by floods 
and washing out by seepage. 
Fig.62 illustrates such an embankment with adequate 
freebo·ard above high flood level. Seepage velocities will 
be greatest during high floods. In thG example under 
consideration a concrete apron has been proviaed on tl1e 
upstream side to lengthen the seepage path. The pressure 
L ±_1 C 0 gradient at efflux is S /Yl 1 = 10 = 1 foot in o A- = 5 ft. 
which is the steepest gradient permittGd in empirical 
rules (page 170.). 
~ 
I 
I 
flow I nes 
ar eff/u"" 
s£ = 5 feet 
S-h
1 
= I foot 
gfaded filter 
F'19. 6 Z Flow Net for .Sand Embankment 
Sc.ale In • S'o'' 
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N; = l4 
Nd == 10 
<if\v == underground flow at sl1eet piling == A~ 11 1 ~! 
where -f;{ is tho permeability in the· zone with sq_uare f ielas 
= l83X.3 x.fzr ~ 768 cu.ft./day/unit channel width. 
~formal gro·..md wa ten· flow in coarse se.nd :.= 1580. X 191\. 3~0 
=== 100 cu ,ft ./d8y/unit width .. 
Ejection tuoe PQ :- The di:fercr~ce in head 1)Gtween P and 
Q will be 2:.§. ftl := Z· 5 x.3 =· 0,75 f"t. Brack water will 
Nd I 10 
enter the slotted section et P and will be ejected at Q 
from where 
----""=~~~==~=====-==------ - -··-· 
_ ____ <; Sloe_e I; 300 
(
,Pro;-'a.Hd .fheef ?dir7j {rt:11' If. L. 10; ~ dqwri f" /i'. L. t!lj 
Ar.row.r A'-' B /ndicafl6 dlreclion .ol'rlow in . Sl~,,ce /: JOO 
J°rO,PDSed fn////rarion ltdJes ~ ·R~~·_.,.....-.-r----.-~-r--r~-~~--r-~~-.--~~,.-~~.,....-~~~,--~--~~-r--~~~-~ ·--~~~~~~~~--~~~--~ 
/( .,. /$~0 ,, 
----·---
Fine Sa nd 
. Co ar.se J'anct 
·---'"--t··-- - ........ -- - ~--~-· ... .. ~ ·- · 
-. - - .,..._. - - --- . ......- - . 
- - - _.... . ..... - - _ ....... __ .. - .. -
. ?ro;io.J~d Weir ror im;:;frtov/119 g~ound water J'llf;Ol!J rlow f)ia5~am C!Lti'ln~ and s/Jorll!f af'ter /'foods .. 
J'ca/e ~ !JI- ,2{) 10 11 
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The lo ~s of head fI·u:rn tl1e surface -of' t· l10 Sr}.nd to 
-bl1e perfo:::"2.tior1s for a -tut al d.i:Jcharge of 201 1000 culJ:!..C 
feet a d;.01.:~r t".'Lrough tl':.c three drains is ·t}1e r efo-re 0 .3 
feet. If thr. arBa drained is O. ivided ii1·~0 tr.;~ lve · 
parts as in t r,e tube well system (Fig .J9) antl an amount 
'(,r ~ 20i2000_ ~ 16,175 cu,ft/day b e taken from each 
J!<'.'.rt t l1eil tl1e loss of l".::.eal1 i'or any other· d i sclm.1\2;B can 
be ta!rnn as approximately 0 ,3 q, ~ ,0000187 qr • 
16,1(5 \) 
VVI1e:::e e.:::t.clL pc::·t is Urained b;yc o:J.e tube 'Nell insi::et;i.8. of 
a trci.rtsverse hor·izo.ntal di•ain tl1e loi3B of l!eatl vras 
f ound ·to be c.pJ1roxima·tel~,r . 0000 485 
"Ir o:r ,::i,lrr1.o st -~r~ree 
"'c :i.:T1S S as groat (Fig .J J . ) This resuJ. t is to b~ expected 
sectior1al arP.~~s of S'€ffid ir1 t:r1e case of t h o tube vJell 
thar1 in a horizo~rtnl drain oxtcnd i:i1g o\o-er tho full 
width of the sa~d. 
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Although it is not practicable to lay hori.zontal 
drains 22 feet below river bed level, the analysis of 
this theoretical case gives a general picture of the 
tY}Je of flow which may be expected with rows of tube 
wells (e.g. the distance upstream and downstream from 
extraction points at which infiltration is induced 1 
uniformity of infiltration rate, etc.) 
' 
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_QI:APTER 7 . 
STANDARD ~:ffiTHODS OF DETERMINING THE HYDRAULIC PROPERTIES 
OF SAND. 
(1) Description of Apparatus and Methods. 
Fig. 64 illustrates the apparatus used for taking 
undisturbed samples of sand and the procedure adopted in 
sampling • 
.An open excavation is made to the required depth 
and samplers pressed in horizontally and vertically 
Fig.64 a) The sample:~ used consisted of a cylinder of 
thin sheet metal with an inside diameter of 3.5 inches , 
a cutting edge formed by bevelling on the outside and 
a flanged end for screwing on a sieve cover on the other 
end. When testing fine sand, a fine s ieve (U.S.No. 40) 
ba cked by a coarse rigid sieve (approx U. S .No.4) was 
screvved onto the 'flanged end while the sampler was still 
in place, thus sealing off the trimmed end of the un-
disturbed sand sample. Finally, the sampler was dug 
out and trimmed on the other c;nd to 0.5 inches below the 
cutting edge (Fig .64 b). Obviously only mois t sand can 
be sampled in this .way 
of 
fig. 6 '+-
Uridisfurbed 
.Samples 
~ct10.:, thro14jh 
5qMf'fef 
.5a,.,ple 
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With the apparatus used by the author the total 
height of the trimmed sample was 4.19 inches, giving 
a volume v; of 40 .J cubic inches or 661 cubic centi-
meters. The next step is to determine the properties 
of the sample. \/\/
1 
:::: weight of the sample as taken, 
is determined. 
The sample plus sampler is next placed in a vessel 
and submerged in wa ter and the total weight of apparatus 
plus contents determined. The following diagram shows 
how the submerged weight of the sample is deduce.d by 
subtracting the weight of apparatus filled with water 
only from the weight previously determined. 
Wz - .submerged weight -
I 
u 
I I I I I I I I 
The permeability is next deterrained with the sample 
still in its undisturbed state of compaction. The ap-
paratus is illustrated in the following sketch:-
Inflow adjusted to 
keep water level constant • 
.-- -----.,.- !.piri t l1tll'al 
fllote : W"tc ~ l~v~I A 
i~ kizpt corist""'t b~ 
Sipho., fHd fro"" ~ 
lq,<~e ve s.~e I . 
Coefficient of permeability 
where i is the rate of discharge 
WI t'i '1006( 'J<l. .. ~e ~ 
and Q. the full cross section of the sample. 
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The sampler i s now removed from the vessel and placed 
on the scale the moment the free water disappears from the 
surface. This gives a rough check on the s a tur2t ed weight, 
which i s , however, more accurately deduced from the sub-
merged weight V\/2 • 
The sample is now removed from the sampler and dri ed 
in an electric oven. W;i = weight of sample dry. 
Vz. the volume of the dry mat eri2.l when poured loo se ly 
into a cylinder of known dimensions and \I:, the volume when 
consolidated by ramming in thin layers, are next determ-
ined. 
The angle of repose i s determined by pouring the dry 
meterial from a low height onto a flat table and measuring 
the slopes with a clinometer. 
Finally the material is suoj ccted to a sieve analysis. 
The densities of the samples in various conditions of 
compaction and moi s ture content are also determined. For-
mulae are as follows (ma inly following the notation adopted 
in Reference No 12):-
Unit weight of dry me.terial, '}'ct -= W3 v1 
Unit weight 8.S sampled, 'Y :=. w, c~ v, 
Unit weight of saturated Ill.8.terial "( ::: 1 + submerged unit 
wei .<)'ht = 1 + ~ 
0 \ / , 
1.2. 
Unit weight of dry material, 
- vJ?:J.... Unit weight of dry material, maximum compaction, 111'1~"" - v 
3 
l11 inally, Q full lis t of 11 index properties" is compiled 
for each sample in accordance with the follovving system: -
1) Allen Hazen' s effective size , D 10 
Allen Hazen' s uniformity coefficient, ~<>c; 
/(J 
-
"Fifty percent size", D 5 0 
Porosity of undisturbed sample n = ··y - 'Yd 
Void ratio of undisturbed sample e -=-~1 
Void ratio of loose sample E
0
-= "<cy'r
0 
( / re _) 
Void ratio of compacted sample et>'lj , , -=- "<cy-<,.,lV)(( It e) - I 
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D e - e Relative density of undisturbed sample r = e 0 _ e:.-
u IVJIY) 
2) Water content of sample irrunediatly after sampling, 
w == "(Cl. - 1'd 
'Y 
d 'i- ~ 
The water content when saturated ::: --z-
ct 
The de gree of saturation immediately ~ter sampling 
5 r ( %) = j'o. - l'i;i1 I 00 
3) Permeability ~ 
~4) Angle of repose ~ 
"( - ~ 
(2) Some ty;pical Samples from Sand Storage Dams. 
Three representative samples analysed by the author 
will now be described, one from the Bulskop sand storage 
dam in the mica schist area and two from the Gamams sand 
storage dam with a catchment consisting largely of quartzite 
country. In the latter the deposits fall clearly into two 
distinct major groups, fine sand and coarse sand respective-
ly, hence the tabulation of the results of two samples. In 
the mica schist catchment fine sands are by far the most 
impartant part of the deposits. Samples were: taken for 
testing permeability in a horizontal direction. 
Sample 1 . 
Representative sample from the Bulskop Dam. 
Rounded and angular quartz and hornblende grains with 
a large proportion of mica flakes. 
Grain Size 
.188 11 
.094· 
.047 
.037 
.023 
.018 
.. 012 
.009 
.006 
.003 
Percentage. finer than 
this ~rain size. 
100% 
100 
100 
100 
99.5 
99.5 
98.5 
49.4 
34.0 
4.0 
Method of Determination 
Sieve U.S.A.No. 4 
8 
16 
20 
30 
40 
50 
80 
100 
200 
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Gr2.in Size. Percentnge finer than Method of Determino.tion 
this grain size. 
.188 11 88.4 Sieve U.S.A.No 4 
.094 79.9 8 
.047 74.5 16 
.037 68.8 20 
.023 25 .2 JO 
.018 21.9 40 
.012 14.2 50 
.009 2.5 80 
.006 2.0 100 
.003 1.0 200 
Allen Raz.en's effective size D,0 == .011 
II II - D 6 (., .:..Q1.2 ::::: uniformity coefficient 15:": ::::: .011 3 .3 10 
"Fifty percent siz,e 11 ]) 50 == .03 2. 
Further properties of the samples. 
Sample No 1 Sample No 2 Sample No 3. 
Weight W,= 910 1190 1255 gro.m 
Wz= 456 547 649 II 
W3= 827 945 1097 !I 
Volume v, = 661 661 661 c.c. 
Vi.. = 665 680 680 II 
\/ -~- 568 612 592 II 
"( ~ w, 
= 1.38 1.80 1.90 a. v, 
'14 .:: vV4 = 1.25 1.43 1.66 v, 
I = I vVz 1.69 1.83 1.98 +- - . -v, 
1' ::. vY?J = 1.24 1.39 1.62 0 \/2. 
y w~ 
= 1.46 1.54. 1.85 
·,.1q,, v?:> 
r) = r( --Y d.. ::::: 0.44. 0.40 0 .J2 
e ::: n 0.79 o.67 0.47 ~~ -1- n 
e ==- "lc.1(1+e)-I :::. 0.80 0 .72 0.51 
0 r(o 
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em .. n,,;:~d (lte)-1 = 0.53 0.55 0 .32 
Mc:t'lt' 
n = e -e ~0- - = 
- r eQ - e r11in 0.04 0.29 0.22 
w:::::: '1 Cl. - ,., .d_ ::= 0.10 0.26 0.14 
\'~ 
w == 1' - Yo1 ::: 0.36 0.28 0.19 Sqt J' 
cl 
S~17o )=100 }!!__ = 
L\)50. t 283 93 % 74% 
At ::: llft/day 10 ft/day 97 ft/dc.y 
cp ::: 31 0 3310 35 ° 
Notes on the significo.nce of T>r and 'Ye., : -
Relo.tive density Dr = 0 means In.2.terie.l completely 
uncompacted. 
D( ~ oo menns material with compo..ction equ2.l to the 
maximum att~inable in the lobor2tory. 
Dr = 1 compaction such that void ratio is midway 
between thnt of loose and completely compacted material. 
The samples taken nre , therefore, all three in u 
relatively uncompacted state. They were all t~ken within 
two feet of the surfac e. 
I~ and units derived therefrom such as w , Sr, etc. 
show the moistness of the so.mple when taken. They are 
given here merely for the sake of completeness. Moisture 
content det ermino.tions o.re of interest where e. number of 
so.mples o..re taken to explore the capillnry zone, etc. 
·:rhe moisture which the isolc.ted samples from the three 
do..ms happ ened to conta in when taken is of no immediate 
significance. 
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CHAPTER 8 
CONCLUSIONS. 
(1) Nnturnl Send Reservoirs. 
184 
Where o.. more or less V-shc.ped cho.nnel, eroded in 
rock and subsequently filled with snnd, constitutes the 
reservoir, the slope of the so.nd o.nd the bed rock will 
be consistnntly in one direction ['..llC1 frictiono.l resistC1.nce 
to underground flow will be the CC1.use of ground wnter being 
stored from one flood season to the next. 
The most fnvournble dro.woff point is the deepest 
point in the cross section (Fig .31). In estimn.ting the 
so..::e ro.te of ez:tro.ction which co..n be mo.into..ined without 
jeopardising the permanence of the supply, the computed 
seepnge at lowest known water tnble c~n be o.ccepted as n 
guide ( pnge 112 ) • 
Pump stntions, spre o.. d o.long the length of the river 
bed, must be sufficiently fo.r apo.rt. There must be c. 
sufficient volume of S2.tur2.ted so.nd between pump sto.tions 
to mo.into.in the supply from one flood secson to the next. 
Ground wnter cutoffs o..t the pump stntions will store sur-
plus seepo.ge of the eo.rly part of the dry season to be 
o.vnilnble ct tba dro.woff points late in the dry senson 
Fig. 42). Further development of the supply which cc.n be 
considered cnn be in the form of embankments or weirs to 
increase the volume of send deposits. Open storage do.ms 
in tributo.ries of the main river can also be considered, 
to supply water during the eo.rly po.rt of the d:ey- see.son 
so that the more efficient storage. in the sc.nd co.n be 
reserved for the lnter pc.rt. 
When the ground wo.ter in river beds contains o.ppre-
ciable percentages of dissolved solids, evaporo.tion in 
sections with high water table will cause a serious in-
creo.se in the concentra tion (page 11..I , , ,sample b 1 E'..nd 
p2.ge tll so.mples h 1 to 5). Even very copious floods 
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developed in seven ye2rs (Fig.18). The ro.te of develop-
ment is limited by the size of the catchment area, 14 s~. 
miles in this instance. If· o.. supply of 100, 000 gallons 
a day is to be developed in this region, within a simi-
lar period, by means of stage construction, a ~atchment 
areo. o..pproximately 600 s~uare miles in size must be selec-
ted. 
In small snnd stornge do.ms 2. well nt the dam well, 
surrounded by suitable filters, will provide ade~uate 
drainage. In lcrger dnms, However, o. drainage system 
extending some distnnc~:the length of the bnsin has to be 
designed as the perme~bility of the :material in sand 
storage dams is low. 
By providing a siphon at the dam wall the transport-
ing power of the floods passing through the basin can be 
increased. Larger stages co.n therefore be ndopted. A 
permanent op'en storage capnci ty will remain at the dam 
wall which will assist in the absorption of flood water 
during poor rainy seasons. 
(3) General. 
Detailed information of hydrological factors is 
re~uired for the proper design of sand storage de.ms. 
The following list gives these fnctors together with the 
values or rules which were found to apply to :the central 
mien schist area in S.W.A.:-
a) Catchment yields in a semi-a.rid region are ex-
tremely ~rr~tic. Yields from 0 to 8 inches per annum 
are experienced, the latter only in exceptional flood 
yee.rs. The a\rt:.::rage annual runoff for some good runoff 
producing catchments during a series of years which did 
not include exceptional flood seasons, varied from 0.21 
to 0 .67 inches (page '2.7 ) • Years with no runoff occur 
occasionally and in the design of open storage do.ms it 
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is desir2ble to o.llow for at le2st two years in succession 
with negligible runoff compo.red with the cc.po..city of such 
de.ms. Years with runoff which is negligible compo..red with 
the relo.t ively small capo.city of scna ~ storo.ge dnms occur 
only occo.sionc.lly a.nd c.. number of such yec.rs in succession 
are unlikely to occur, 
b) Mo.ximum Probable Floods. 
For co..tchment o.reo,s in Sa W .A., the formulo.e given 
by G.B.Willio.ms for the Rocky Mounto.ins hc.ve been found 
to apply irrespective of the 2.ver2..ge cumual r::'.inf2,ll of 
the area concerned. The formul2.e are ns follows~ -
Q -== 1cioo A 0 ' 75 for cntchment areas up to 10 sq_.miles I 
0. 4 '> Q ::: ~60 o /-\ for cc.. tcljment areas over 10 sq_ .miles. 
I 
A rc:duction fo..ctor should, however, be o.pplied 
where catchments o.re extremely absorb2nt(s2nd-veld, Dolo-
mite, etc.) • 
c) Variation in peak intensity of floods, 
In the Swo.kop River catchment nectr Oknhandja fifty percent 
of all runoff vrc.s found to occur with floods which have o. 
peak intensity of c::t least .025 times the maximum probatle 
flood and twentyfive percent with peak intensities of at 
le::wt .040 times the maximum probable flood. In the smaller 
catchments nc: ['.. r Gamams the corresponding values c\."°erage 
.070 2nd .150, respectivc:ly, (Fig.21). 
d) Po.rticulc,rs of flood curves• 
Flood curves c.lmost invariably show a sh2rp rise to the 
mnximum v~lue followed by o. ~gentle drop to zero. 
e) Slope of river bc:ds, 
Experiments with a small scale model sugzest the formul2. 
I • 4- I . \_3,,-
IL ;:::: • 0 0 3 ~ I p + · II 3 I) SO ('f'b/ 3 
The; formula co..n also be applied to the slope of sedi-
ments in o.. sand storo.e;e dam with sipLon if 9)b nnd P nre 
based on the siphon dischnrge instead of the to·~nl runoff 
of the catchment (pages qi and 163 ) 
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(4) The Future of Sand Stq_rage in South West Africa •• 
The exploitation of natural sand storage reservoirs 
can still be carried very much further. More comprehensive 
data of the basins and their replenishment must, however, 
be accumulo.ted so ,itho.t extraction can be properly regulated 
in the interests of all concerned . 
The results of experiments in ground water dilution 
still have to be awaited, but it is expected thnt good 
results can be achieved with the methods described. 
From the point of view of regional planning of water 
supplies, s~nd storage dams are wo~th encouraging where 
numerous small but dependable water supplies are required. 
The lower river course will be deprived of n very much 
smaller ~uantity of water than where open storage is adop-
ted (page/~ ). Due to the reduction in evaporation 
losses the water usefully consumed may, nevertheless, be 
greater in the case of the sand storage dams than with 
open stoi•eige structures. Large sand storage dams, or 
weirs on porous foundation in natural sand reservoirs, 
will moreover have a regulating effect on runoff, in-
creasing the period during which open water flows in river 
beds after rainy seasons. 
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NOTATION. 
A (square miles) = catchment area. 
AF (square feet) = cross section of flowing water a short 
distnnce upstream of a sand storage weir. 
o. (sq.cm.) 
r:~ ~ (constant) 
rt: (sq.ft) 
h (feet) 
(. (constant) 
,... (constant) 
l . (inches) 
.D (feet) 
·D 1 (gr .per cc.) 
d (feet) 
= cross section of sample in pe:Feameter. 
/\ 
= constant in Mueller•s formula forged 
load transportation. 
=surface area of water nt storage depthk.c 
= crest length of weir . 
= constant of integration, coefficient 
of discharge. 
= constant in the expression for the sur-
face area of a reservoir. 
= grain size of uniform material • 
= dimension in the prototype, depth of 
ground water. 
= 10%, 15% etc. of the material is finer 
than the grain size D;u D 51; etc. 
= relative density of undisturbed sample. 
,.., 
= dimension in the model corresponding to 
D in the prototype, depth of water at a 
tube well. 
£ (feet pe.r annum)=rate of evaporation from 8. free water 
surface. 
12. ( dimensionless)=Void rntio of urulistur,:t~ .~. sample. 
" 
II· 
=void ratio of sample, loose. 
= void ratio of sample in state of maximum. 
compaction. 
F (dimensionless)=efficiency of or a stage reservoir. 
/\ 
" = fraction of all runoff occurring at 
a peak intensity equal to or greater 
than any given peak intensity Q • 
q (feet per seen = acceleration due to gravity 
H (feet) = loss of hend in prototype. 
H, (feet) = height of weir above sand in sand st or-
age dam. 
H 2. (feet) = depth of overflow over weir. 
H H ~ ,'I<. H( (feet) = 
I.\ l' · 
reduced levels of water observed at 
various points in the model. 
H,n(feet) 
1-tp (feet) 
= depth of sand above water table in a 
sand reservoir. 
= depth of sand above po int r 
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H5 (feet) 
Hw (feet) 
hi (cm, feet) 
-11 5 (feet) 
-11 1 (feet) 
~ ( radit.lns) 
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:;: full storage depth at weir. 
= depth of sand below water table. 
= hydrc.ulic head (cm in laboratory test 
with permeameter, otherwise feet), 
head in model corresponding to H in 
prototyp e .• 
= water depth in reservoir. 
- total hydraulic head. 
= hydraulic gradient, gradient of bed of 
open channel. 
1' etc..(rad:i.t:!r)s) = gradient of open chEi.nnel withP=2.7 etc. 
n . 
tt., (dimensions) = eri tic al hydraulic gradient in seepage 
flow. 
X (cm, feet) 
rY1 (feet) 
= length of seepage path (cm in labora-
tory test with permeameter, otherwise 
feet) 
= hydraulic mean depth. 
N (dimensionless.)= Kutt er' s coefficient of roughness. 
" 
II 
II 
II 
II 
n, II 
n i. II 
p (percentage) 
f:J (lbs/sq.ft . ) 
-rd (lbs/sq.ft.) 
P5 (lbs/sq.ft.) 
'f'(/ (lbs/sq.ft) 
Q (cusecs) 
Q, (cusecs) 
= number of potential drops in flow net. 
= number of flow channels in flow net. 
- Kutter's coefficient of roughness in 
model. -
= Kutter's coefficient of roughness in 
prototype. 
= porosity = water content by volume of 
saturo. ted sand. 
= average water content by volume of a 
body of sand not necessarily saturated. 
= specific yield corresponding to n, 
= Sediment load expressed as a per-
centage by weight of the flow. 
= pressure intensity on vertical retain-
ing wall at any point P • 
= pressure intensity due to dry sand 
at depth Hd 
= pressure intensity due to saturated 
sand at depth Hs 
= pressure intensity on retaining wall 
due to water 
= peak int ensity of a flood. 
= maximum probable flood in accordance 
with G.B.Williams' formulae. 
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-QA (cu.ft./annum) = rate of useful drawoff from a reser-
voir. 
Qp (cusecs) 
QT (cusecs) 
=priming flood (siphon). 
= siphon discharge. 
(cc/day,cu.ft./day) = rate of percolation (cc./day in 
permeametertests, au.ft./day in all 
other cases. 
qf, CU'J.. ~ 9J 3 (cu .ft ./day~ = rate o~ perco~o,t ioi: or extrac-tion at various points in a stage 
basin. 
a{ ( cusecs) 
\, C\ 
c~b (cusecs) 
~u. (cu.ft,./day) 
q5v (cu.ft ./d2y) 
= rate of flow per unit width of ch2,n-
nel. 
= peak intensity of river bed forming 
flood per unit width of channel. 
= seepage flow in river bed upstream 
of a sheet pile weir. 
= seepage flow in river bed downstream 
of a sheet pile weir. 
9Jw(cu.ft./day) =seepage flow under sheet piles • 
. R (dimensionless)= Reynolds number. 
R (feet) = radius of circle of influence. 
r13servoir RE (dimensionless)= Volume of upper three feet in sand 6 
Total volume of sand in reservoir. 
r (feet) 
Sr (percentage) 
T.D (years) 
t.D ( yecrs) 
TE (years) 
,t (days, years) 
V (ft./sec) 
\I, (cc) 
\lz (cc ) 
V3 c cc) 
~ (cu .ft.) 
Vs ( cu.ft • ) 
= radius of well. 
= degree of saturation. 
= time taken to deplete a reservoir 
from full storage depth H 5 to empty. 
= time taken to deplete a reservoir 
from depth ..Ni5 to emp.ty. 
= time taken for the depletion of the 
top three feet of a sand reservoir. 
= durntion of see:~mge flow from a sand 
reservoir (days), time reQuired to 
deplete a residual storage depth (years) 
= velocity of flow in prototype. 
= volume of undisturbed sample. 
= volume of sample, loose. 
= volume of sample subjected to maxi-
mum compaction. 
= residual open storage capacity in 
sand storage dam with siphon. 
= Volume of reservoir corresponding to 
a storage depth H 5 • 
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v (ft/sec) 
vi-\ (ft/ sec) 
vl\. (ft/ sec) 
11s (cu. ft) 
15t (ft/ sec) 
W (lbs/sec) 
W, (grams) 
V\/2 ( grams ) 
W 3 (grams) 
w (gr/cc) 
w5«r (gr/cc) 
x 
'Y (gr/cc) 
II 
" 
" 
YwJ""" (lbs/cu ft) 
cp (degrees) 
(square feet) 
0- ( seconds ) 
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= velocity of flow in model corre.s-
ponding to V in prototype. 
= velocity at crest of siphon. 
= average velocity of flow. 
= volume of reservoir corresponding 
to n storage depth ~5 
= velocity of flow in tube well. 
= weight of sediments transported 
per unit time per foot width of 
channel. 
= weight of sample as taken, 
= submerged weight of saMple. 
= weight of sample, dry. 
= water content of sand. 
= water content of saturated sand. 
= an un.1mown in n mathematical analy-
sis of a problem. 
= unit we ight of ·so.turated materi;il. 
=unit weight of material ns sampled. 
= " 
ti 
" dry material, undis -
t urbed. 
= 
II II II 
" 
II 
, max .. com-
pact ion. 
:::: II ti II II II , loo se . 
= 
II ti 11 submerged sample. 
= density of water ~ 
= angle of repose o 
= kinematic v iscosity. 
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APPENDIX A 
DYNAMIC SIMILARITY. 
In closed conduits one method of attaining dynamic 
similr.ri ty in geometrically similur structures is to 
subject the model to Q much greater head than thnt which 
occurs in the full siz.e structure, .thus increasing the 
velocity through the model and making the Reynolds num-
bers equal. 
i.e. V.D - - = 
a- is the kinelll2.tic viscosity. -
\/ and ...r are velocities o.nd .D and ol dimensions 
in the prototype and model respectively. 
Or if the same liquid is used in eRch cGse, 
VD 
i.e. v' ot 
D 
.•.•• . . • ( 10) 
If both the model and the :prototype have perfect~ 
~oth vr::lls, eq_ual Reynolds numbers will mean dynamic 
. ·1 •t 7 simi nri y • 
With dynamic similarity, Total energy loss is 
Kinetic energy produced 
the s2me in e2ch case 
i.e 
Combining equations (10) 
= 
o..nd 
H 
vz 
(11) 
......... (11) 
* (;)<. ........ (12) 
If ~ model is half the size of the prototype it must 
therefore be subjected to four times the head which 
occurs in the prototype; in order that dyn2mic simi-
larity will be achieved by this method. 
The method cnnnot be applied to open charLnels where the 
heed of necessity obeys the scale ratio. In any case 
equation (12) will only be strictly correct for the theo-
retico..l co.se of perfectly smooth walls, 
.. 
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O!jr'lO\Wl~C 
A method of nttain'.l.ngAsimilarity which is applicable 
to either conduits or open channels , is to make the 
model very much smoother thnn the prototype. In this 
method heads can be allowed to obey the model scale ratio. 
Manning's formul::; 7 will show that for any two sets of con-
ditions of roughness there will be one scale ratio which 
will result in dynamic similarity. 
l\llf'mning' s formul2 for flow in open ~:md closed conduits 
,..,,.. __ I· 't-8 6 ,,..,.Y,~ l·~ is: v ~I •• , ••••••••• (13) 
where 'ti = velocity of flow in feet per second 
W'I = hydraulic mean depth 
i = hydraulic gradient , or hend lost divided by 
distance travelled. 
N = Kutter's coefficient of roughness 
As heads obey the same scale ratio as the model dimen-
I 
sions, -t will be the same in the model as in the proto-
type and ~1 
-
'\f - (y{}d )~ ~ \/ - tY1n X /\I rn ~c~l ~ ~ 
Where suffix 1-> Tef ers to the prototype and suffix l'lll to 
the model. 
But for dynamic similarity equation (12) must also be 
satisfied. 
I ±.-
- (-V/ L,e • H 
• ~t ff;/' J\J f.l ' . Nm 
But 4-i 
H 
-= .Ji as heads are :mnde to follow the scale ratio. 
.D 
• • •••••••••• • ( 14) 
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APPENDIX B 
ANALYSIS 01'1 SOME EXAMPLES OF FLOW IN SAND CHANNELS AND 
RESERVOIRS. 
(1) !low in a sand channel of uniform cross section with 
thB water table parallel to the surface of the sand. 
/ slope -<.. 
U 111 
The cross sectional area of saturated sand = H~ ,{.5 
The rate of flow 
(2) Effect of a ground water:, cutoff on the flow in example(l) 
Flow ~ lop£. .t ::r I : z.oo 
68 
The total fl.ow 9r = At H s ,,u5 .A- is brought to the surface 
at the cutoff. 
Fig.68 represents a sand channel 70 feet deep to a 
scale of l" = 100' • The flow net shows that lOfeet 
from the cutoff i of the flow is at the surface and t 
in the sand. At 25 feet the proportions are i and -1~ 
and at 55 feet t and i for surface and underground flow, 
respectively. At 100 feet from the cutoff the flow is 
almost entirely underground. 
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(3) Effect of a ground water cutoff when .the sand channel 
yields only half the flow of examples ( 1) and ( 2,) . 
0 
Cw to ff 
Qt 00 1_.lt>.:;;.:::::::~--~ 
W' ~ to Vt/Qtcr Cu rife ·1 . 
Fr·q. 69 
0 
of1";,to..-.c.e 
Hor. 5c.ale 
Yert. .5c.Q le 
I" "' 3,000
1 
,. - 109' 
At section AA at an infiniteAupstream of the cutoff 
if -== ·i A H s ks -t-
At any other section, dist~nce ~ from OOt the flow = 
At. v~ ...V-5 yt 
Since the flow is constant throughout, 
~ ~ k 5 'f -==- t -'h. H s /ffs ~ 
I H ' i.e. ~ ~ = T s "-
At section BB, 150 feet upstream of 00, the flow is 
for all ;practical purposes completely underground (see 
example 2) and ~ is practically equal to H~ 
i.e. 
In comparison with the extent of the back water curve 
sections DB and 00 are very close together. 
Analysis of the b'ack wa ter curve will therefore be 
based on the folJ~owing da ·~a :-
Anywhere between 00 and AA, 
~o ~ H:, 
lf'o I • = 1:~ ' , 
li'14 
::::: i HS 
It is clear from Fig.69 that 
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(4) Analysis of the general case of example (3) where 
the saturated depth at section AA has any value o.,{., • 
- ~A 
Flow per unit width ::: Hz ~ f 
- ~~~("- 4- ~) 
At sect ion AA the slope 't' -== ,-l, and the depth ~ ~ ~A 
' . ~ ~ ( ~ + *) = ,.f~ i /.\ A., 
1,, + ~ = ~A><-~ 
h_ ~ 
-A, (I 'f A ) oVx ~ 
This expression gives the distance upstream of the 
cutoff at which any given depth of water table will be. 
:m.aintained. 
For instance, if the depth, of saturated sand at the 
cutoff, H5 = 70 feet and the depth at an infinite dis-
tance from the cutoff, ~A = 35 feet then a depth of 2 H
5 
or 52.5 feet will be maintained at 
{ 3 5•0 1 t'X = 1.00 17·5 + 35 --lo1e f7:s- j 
- 8t..t-OO feet 
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for a distance ~ 
derived from the 
inec1 above. 
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saturated sand per unit width of channel 
upstream of the cutoff = J~ i.a- d~ and can be 
'\ 
expression &.. = - '} - determ-d~~ i (~ - ~AJ 
Multiplying by Lj- dd and integrating the expression 
becomes 
J ~r d-x - J _'1~d-~-- 1t' ( 1' - ~A 
'* 1( !,f d~ I JH ~ dx L.e, ~ - ~/'\ 5 ~ 
r5 r-1~ t ~5 d~~ + ~ j 'i "''ii'. -~ ~ l-~ - ~/), 1 
-
L.i:-(Hi.- ~~/) + ~AX - 2 A 5 
It will be seen that the first term, l ~ ( /-1
5
2 
- ~ i.) 
gives the volume of sa turated sand above the asymptote 
~A and the second t erm the volume below 
the asymptote. 
If 1-15 ::: 70, ~ = 5 2 • 5 , and ~A = 3 5 as 
before then the volume of saturated sand in section -'.X is 
J. -1: ( H' - ~.t) ;- 4 x = 100 (4900 - 2760) + 84oox 35 Z -'\. s · oA 
= 214,000 + 294,000 cu.ft. 
i.e. The additional volume of saturated sand due to the 
cutoff in the lower 8400 feet of the basin 
= 214t000 cu.ft. per unit width of basin. and normal 
volume of saturated sand in 8400 feet of basin = 294,000 
cu.ft. 
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The tot4.l.L additional storage due to the cutoff up to 
the limit 'X ~VDis given by ±- ~ { H~ - ~~)=100(70-'--3si) 
- 100 x. 4900 .>( ~ 
= 368,000 cu.ft. 
(5) Ground Water Cutoff in sand channel of triangular 
cross section. 
Langi t&.«di na I 5e.c..ti on 
Fi9. 70 
Triangular Sand Channel with Cutoff 
At distance I)( . upstream of the cutoff 
depth of saturated zone = 1{ 
I and saturated area = /5"" ~z. (see cross section) 
Flow in channel = At ~ 'i?.. y; 
- A'{ * 'Jit . ( ~ + ;,; ) 
At section AA where 
--')-- 00 the ' I) slope '\-' -::: 'l,.. 
and the depth ~ = ~A 
1t _, t~ ( ;_ ~) * I L . + - - · l;tA /\-I • '1 . .I'.) 
l • 
~A A 
'i 1. 
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+ 'J!A - ) o/l{t f - ~/~ 6 
Substituting the numerical values 
• J ~ = 35, and ~ = 2UV 
·lA 
'.X - 200X 70 { 0.25 + 0.5 X 0.5 log (-~ X 5)} 
:::: 200 x70 (0.25 + .125) 
:::: 200 x 70 x .375 
= 4200 feet. 
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The volume of saturated sand for a distance ~ upstream 
of the cutoff == J~ i 1i.:,·d~ and can be derived from the 
1-1 '2-
• expression !;. s - '\'. (f 'i _ 'dA) determined above. 
Multiplying by ,; ~" ""1: and integrating, the ex-
pression becomes 
J ~-
I 
::: .L +-- ( H' - (.,{,') + -' 4- i. ?< 3 -t/) S <1 /.\ OA 
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j_ ..,!- ( 112. - ~4) It will be seen that the first term 2> "-I) n 5 0 
gives the volume of s c~turc .... ted sand above the asymptote 
~A and the second term ..L ~~~ ~ 
<1 /) t.:\/.\ the volume below 
the o.symptote. 
If A. :::: z~o, J-15 ==10 , 1 = 52.5, LjA = 35 o.nd /.)-= / 0 
then the volume of SQturnted sand in section ~ is 
~ ,,·'I') ( 1-1~ - ';1 3 )-r ~ d~~ =ix lOx 200(703 -52.5:')+10x35<.x 4200 
=667 ( J 43000-145000)+10Xl225 X 4200 
=667 x 198,ooo + 51,456,000 
;132,000,000 + 51,450,000 
i.e. The additional volume of saturated sand due to the 
cutoff in the lower 4200 feet of the basin is 132,000,000 
cubic feet and is fc1r in excess of the volume of s2:turnted 
sand in an unobstructed 4200 feet section of the channel, 
which amounts to only 51,400,000 cubic feet. 
The total additional stora0e due to the cutoff up to 
the limit tX _,., CD is given by 
= 667(343,000 -ix343,000) 
= 171,ooo,ooo cu.ft. 
( 6) :Sarna Storage Basins in which the inflow breaks off 
gi.bruptly at the end of the rainy season. 
All examples considered up to now have been for a uni-
form r o.. te of discharge throughout the length of the channel 
and the water table constant at any section. 
Where a s8nd storage reservoir receives no inflow 
from upstream, drainage will cause a lowering of the water 
table. 
In the examples which follow this condition of no in-
flow during depletion will apply. 
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(7) Sand Storage Ba sin 9f triangula r cros s section with 
depth increasing in direction of flow and without cutoffs 
or other barriers. 
~ 
·2 
" i 51ope -t 
;n 
c:-
~ ~-- WQter Table -~ - - _, 
"""77/ "" QI --15 
c 
::r 
<: 
" ~ 
-
~ k-
~ Fig. 71 
! 
Under the conditions sto. ted the w2:cer will b ehave like 
a wedge sliding dovm an inclined plane. 
The slope (3 and not the surface slope will determine 
the velocity of flow. 
The velocity of flow will be eg_ua l to ,f{ ~ irrespective 
of the slope of the water table. Even if the wo. ter table 
were level the so.turo.ted zone will "slide" down the incline 
= k ~ • 
will redede in the direction of flow at 
~ at a velocity 
The point C 
a velocity ~. 
n~ where n2 = the specific yield of the 
lll£!.terial 
( 8) Stu1d Storage Er:•. s in as in ex_Q_mple ( 7) but with a wc.d; er 
tight cutoff 2"t the lower end of the area under consideration. 
A 
r 
;/} Fig. 72 
1 
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At the cutoff the water table will remain at a con-
stant level as in examples 1) to 5) and the velocity of 
flow will be proportional to the surface slope f . Near 
the upper end of the basin the velocity will be equal to 
'*- ~ as in example 7). Eventually the water table will 
come to rest on line OD. 
As an approximation the water table will be assumed 
to have a slope~ throughout. The error made will be due 
to volumes in the upper portion of the basin, which are 
small compared with volumes near the cutoff. 
As a basis of e.nalysis the condition ~t -::: C/J will 
be laid down v7here ~ is the volume of wetter drawn off 
up to a certain instant and Cif is the rate of drawoff at 
that instant. 
A 
It is desired to determine the time {: in which the 
water table recedes from oA to 0(., • 
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At any po s ition of the wa t er t able OG • 
I I z. 
1 = ~A - 3 n2 --,:;-- Hs ?( 
ct == 1-<-Jr H; tt1 
== 
At ,6 Hsi ( ~ - ~s ) 
hlA t .!U-
vi. t == '1f 
i.e. J.- H:i....L~ 
- 3 n.2.. s /) of .r ::;. _At.!.- H)..(13 - H~) /) 51 '/( 
:. A; 
rl.z. l =-3..A~(-> ?( + 
b1At ,{ = 0 ~b 
Io t r1-i_ f (/)(/\- ')() 3th~ L ,_, 
(9) Sand Storage Ba sin as in example (7) but with a weir 
of height H1 constructed on a pervious found ation. 
Due to sand depo s ition upstream of the weir the 
capacity of the bas in will increase from 01 f3 L to 010A 
-f---- -x-A 
I 
! 
-7'c.-·+lc ~"'~ 
I) 
. -~ 
""- ~' 
A 
---""- - ---
Long/lud/nal Sechon. 
t- .,..£ 
OB N r epresents the volume 
H 
0( -= ~ £ .I'\, 
drained 
H, 
o/ - '1. 
in time 
- ---
As an approx imation the s ide s of the v alley above line AB 
are as sumed vertical. 
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- - - ---t fl. 7{ 
I 1-1:.;;-
A I 
~"' ------'--
'I<' 
Cit ' I 
I 
l 
i :: 
l.e. 1 -
::::: 
= 
i -
::: 
== 
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As an approK1"1af/on l'he s/d~s 
OF lhe Y,g//e!f .;i:>ove kn~ A-8 
Plt11n 
Pic/or-ic:;/ Vie"' 
(}1.. ( vol~ >Yle DD Ft. - 2.?< voluw1e ND Bo) 
.J_ 1-1.s 
'?I' 
.1.. 2 I 7( H ~ 
:<. Ht 2 n - HS ?(A IT 1'12.. /) 2. 3 /) 
..L Hs H -x - j_ I H5 
?( 1-
ni. 6 3 Vl2.-;;- H -I I ?(. /1 
j_. 
Y/2_ /) HS 1~,('?< ~, ) - 3 ?(Ai 
Az_L ~1 ~ /) 5 
M.* Hsi ( ,,;_ + ~') 
Az. j_ H~H (-' +- _J_ ) /'.) 5 I "XE '?< 
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Integrating between the limits 'A~ O and 'X = "Xe. 
= 
= [ ~ 
= [ 
= { 
II 
II 
~ ?(t Hr-?(~?< +h~ + % xA)f. 1(: "'-E dx J 
=[ 
-. ?(l 
} [-±1(~+/?l'c +;_"'A)(?( -xE,('*(""+ XE~o II 
This is an approximate expression for the rec ession of 
the water table from OJ.\ to BCA. 
Further r ecession will be governed by the condition 
that the ground water body 
incline at a velocity 
01 6C A 
At~ • 
"slides" down the 
(10) Sand Stornge Basin a s in example Q) but with a con-
p~ant rate of extraction 2 equal to tho initial r a te of 
efflux, being applied. 
Fi~ . 76 
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The lines (a) (b) (c) (d) and (e) indicate the position 
of the water table with successive stages of depletion • 
.. 
Initially the wntGr tuble is 2.t the surface of the 
sand and the rate of extrcction is made equal to the ini-
tial ro..te of efflux which would have taken pl2.ce over the 
cutoff, 'frc.. = ;5-- J-.J; .lk ..-l 
To mainto.in this rate of extraction with sm.ulle :c cross 
sections of flow, as depletion proceeds, it is necessary 
for the slope of the water to become steeper nt the cutoff 
(Line (b) ). In the upper region of the basin the wa.tcr 
table will retuin the slope ~ nnd the ground wc~ter will 
11 slide" down at a velocity .k. ~ as in example ( 7) • 
When the steep portion nenr the cutoff has attained 
the slope ~ (line (c) ) the depth at the cutoff will be 
given by ~ · H / h{ ~ - '1.!c... 
t..e. 
the 
After thisAground wc.ter body 016LD will 
11 slide 11 
down the s lope ·~ . t giving a constant discharge CJfc, until 
C. reaches the position 13 i.e. up to the position of 
the water table (e). 
by 
The residual water storage below (e) will be denoted 
~ and will be available at a rcte of extra ction 
0 E. 
less than ~(, • 
1f E. - ( ~)3 ~A 
= ( t}·iA 
tN ~ period during which constant drawoff 'tc is 
mainta ined 
tN ~ (-1/4 '/JG °tE) 
= 
( 
--U/1 /~fl l %(, 
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(ll) Applico..tion of the 2nalytical results obtained to 
saturated o.nd partly snturo.tod storage bnsins. 
Exo.mples 1 to 10 have been o.nc.lysed on tho basis of 
completely S8turo.ted material. This requirement in most 
instc.nces is only so.tisfied in very fo.vourable r~--.iny sen-_ 
sons. The record of the tot~l water yield of the sc.nd 
storo..ge dc.m c.t Aukoige.s no2r Windhoek shows~ that a body 
of fine sand yields up to 25% of its volume c.fter very f n -
vourable r2.iny seo.sons; but tho..t the yield in most sec.sons 
is of tho order of 10%. (See choptcr 3) It has been ob-
served that in wells dro.wing their supply from sandy river 
' beds the posoible rute of extraction is decreased as c re-
sult of incomplete saturation after poor runoff ye C'.. rs and 
tho.t the decline of the water table is more rapid even with 
the lower rate of extraction. 
The ratio between the total yield of a so.nd body L""l 
any perticul2r yeo.r and tho total yield with complete so.tu-
rc.tion will be referred to as the yield rntio and will be 
denoted by the symbol, Y • 
whore '1J and 
dur2 t ion with o. 
CfJ t 
t are the rate of percolation o.nd its 
yield r2..tio '( o.nd ~s and t5 the 
corresponding 2.mounts when the send body is completely sa-
tursted. 
Conditions of flow with incomplete so.turo..tion must bo 
very complex o.nd difficult o'2 solution. It is suggested 
that estimates of yield and duration be bnsed in the ussump-
tion that which sc.tisfies tb.e 
condition • 
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As a practical example, to illustro.te the method of 
analysis, the following farm water supply will be con-
sidered:-
( To_p 5 led neglecled 
F19. 7 7 
.F.:;rrn ~ler supply . 
/ Vo-lur!§/ s~na' reservoir 
Hs = 20 feet 
,1 = .0033 
(3 = .0066 
/.) ::: 0.10 
To allow for evaporo.tion, the top three fe et have been 
neglected. 
(A) Complete s c:~turo.tion will first be considered. 
()l = .25 
At = 400 feet a day. 
(a) Depletion with undisturbed flow as in example (7) 
The initial rate of discharge at oo, will be 
q,-0 = Az -f; H; (?.> 
= 400 ';( 10 x 20 2 ><. .0066 cubic feet a day. 
= 10540 cubic feet n day. 
The discharge will be reduced to 2000 cubic feet a day 
I '2. 
1z /.l 4,s ~ =2000 when 
ths 
---1 zooo 
=~ 4-00X.IOX...•OOb6 
= 8.7 feet. 
Tho time during which the rate of discharge is 2000 
cubic feet a day or more can be deduced from the distance 
which the point C recedes as the water depth at 001 drops 
from 20 to 8~7 feet. 
Distance= (20 - 8.7) ,
0066 
_ •
0033 
= 3390 feet. 
Velocity of recession as deduced in exnmple (7) ::: ~ 
112 
= 400 x. .0066 ; = 10.6 ft day . 
• 25 
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. ' ,t == 320 dnys . 
(b) Depletion with groundwater cutoff. 
The origina l rate of disch2 ~~ ~;0 == 
I 2. , 
.ih - H A,, /) 5 
~ 
::: 400 X 10 x'. 20 X .0033 ::: 5 270 cubic 
fGot Q day (example (8) ). 
(i) The flow will be reduced to 2000 cubic feet a day when 
o. groundwater slope 'fl is rea.ched after time t . 
If = ). CJ 00 Ai{~ Hs2. 
2..000 ;::: 
i+DO .xW X.. '.l.0~ 
= .00125 
Determining the terms in Fig.73, 
rx H ~ 
.. ___ 
- (3 '-Y -
zO 
·-
. 0066 - ·00/25 
-= 3 7"t0 f e-et 
~ ~o = -•oo3~ 
- {?050 fee. t 
-
XL- t - 20 = :::: ~-·0066 
:;:::- 30.2 5 feet 
Applying the final equation of example 
t = 3 x. ~~~ x. otJ&b { i_ 3 I 0 + 3 o 2 5 ,t'""i 
= .031£ ( 2310 + 3025 )\ 1.442) 
= .0316 x 6670 
== 211 days 
( 8)' 
~l 
"715 J 
(ii) Extraction ccm now bo continued at the r2.te of 2000 
cubic feet a day-. In accordance with the final equation 
. 
determined in example (10), the time during which that 
rate of extraction can be ma intained will be given by 
t -= I I - ( • 0 0 I 2.. 5 ) % J 151t 
N l •OO(.(:, i{c. 
~A is the available water sturage a.t the 
beginning of this :period of extro.ction when the slope of 
----- - --
Stellenbosch University http://scholar.sun.ac.za
Dep/e t iory 
3Zo 
( iJ ZI/ 
(iij S67 
(it) 't-4-5 
Of {. 
oY17 aratlve 
ArJa/ .se..s 
~ No c,_. to ff 
ll.,dist.,,beq Flow 
320 clq!:f.S 
~ Co,..,plete CL<tof f 
(iJ 
(ii) 
TotQ./ 
We; r OtJ Pt!rvio1..4,s 
Fo1.4'?dat10,.., 
(i) 
(ii) 
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(13) Allowo..nc o viill novr be ma.de for p2rtial satur~,tion. 
Assume a yield ratio Y = 0 .4. 
- -- - --· - -
Practical example Time during which Q, yield not less 
tho.n ,.,r;L;" x 2000 = 1260 cu.ft. per 
day is maintained. 
- --- -- .. --·-- --- - -
Q M x 320 = 202 dnys = 6~~ months , 
b Fit x. 778 = 492 days = 16 months. 
c ,..)--;-;;. x 467 = 296 dnys = 9-i months 
The watertight cutoff will thus make it possible to 
use o.. small quantity of water for 2 long period and will 
constitute o. considerable improvement on natural conditions . 
The weir on pervious foundation will only extend the avail-
nbili ty of the supply by three months but it should not be 
lost s ight of that this method has doubled the sand Dtor-
age capacity, surplus w2ter being allowed to flow to the 
lower reaches of the river. This means river regulation 
and an o.pproach to conditions of perennial flow. 
Freq_uently the sand bed of the river can be dammed by 
means of a wide sand embankment and the excess flood water 
allowed to escape over a rocky shelf on the side of the 
valley. With this variation the cost may be less than 
where a W£~tertight cutoff is ado pted. The dee is ion as to 
which ground w2t or augmentation syst em to ddopt will de-
pend on the circumstnnces of each case . 
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;(rs (feet) 
1-1 5 (feet) 
q;- ( cu.ft/ day) 
a,, (cu .ft/day) 
u c. 
t ( do.ys) 
tN (days) 
'X (feet) 
'f (feet) 
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NOTATION USED IN APPEHDICES. 
= width of sand channel. 
= depth of sand channel. 
= ro.te of extraction from a sand s torage 
dam or rate of flow po.st a cross s ec-
tion. 
= consto.nt rat e of extrnction from u 
sand stornge dam. 
=period of drnwoff. 
= period during which a cons t2nt 
drawoff CU'~ is maintained. 
= distance upstream of a cutoff 
= depth of snturated sand a t distanc e 
?< upstream of a cutoff. 
~A (feet) = depth of saturated sand where ~ _.,. oo 
'((dimensionless)= yield ratio. 
2;' (cu.ft.) 
iA ( cu. f t.) 
YF- (cu.ft.) 
= volume of water drawn off from a 
sand stornge basin in time t" • 
= total volume of water which can 
be drawn from a sand storage basin 
= residunl volume of water in a sand 
sto~~ge dam availbale at a rate of 
extraction loss than <ifc.. 
Othe r symbols used in the appendices can be f ound 
in the not~tion at the end of Chapter 8 and in the dia-
grams illustrating the analyses. 
\ 
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